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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree _____Doctor of Philosophy__________ College/Dept. Engineering/Electrical and
Computer Engineering
Name of Candidate _____Caroline S. John_______________________________
Title _Characterization and Modeling of Ferroelectric Ultracapacitors for Energy Storage
The need for optimal energy storage and power quality is rapidly growing. With
the increase in energy demand, there is a directly proportional huge dependence on the
price of conventional energy. Ultracapacitor devices are currently preferred due to their
high energy density capabilities which range between electrochemical double layer
capacitors and electrolytic capacitors. However, these are not viable for aerospace
environments as they typically require hermetically sealed containers which increases mass
and volume. A solid-state ultracapacitor would be able to avoid the use of toxic and
flammable components and has significant advantages over currently used electrochemical
and electrolytic devices including long operational life, low maintenance, a wide
temperature withstanding ability, high efficiency, high current output, and environmental
friendliness.
The ferroelectric ultracapacitors (Fe-Ucaps) presented in this work have a novel
dielectric medium comprised of coated or doped Barium titanate (BaTiO 3) particles. The
high permittivity of the medium is due to the internal barrier layer capacitance (IBLC)
effect whose key parameter is the grain boundary interface. These Fe-Ucaps were seen to
exhibit energy storage values of approximately 350 to 400 nJ/cm3 for sample area 3.264
cm2. Although the IBLC mechanism has been reported in ceramics (CaCu 3Ti4O12), to the
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CHAPTER 1
INTRODUCTION
There is a constant increase in the growth and demand for producing optimized and
robust energy storage devices. A plethora of research has been done to develop and
characterize suitable materials, which can be used for energy storage applications. Modern
ultracapacitors are high-energy storage devices, which can respond almost instantaneously
and exhibit tremendous charge storage capabilities. Also, ultracapacitors have an edge over
conventional fuel cells due to the advantages which include high power density, shorter
charging times, longer cycles and shelf life. However, there are significant challenges in
developing these solid-state devices because of the interdependencies of physical
constraints, structural limitations, and complex electrical characteristics.
1.1

Motivation for research
Barium titanate (BaTiO3) is a ceramic that belongs to the perovskite family of

crystals. It is one of the most preferred materials for high energy density, capacitor-based
applications. Recent research studies have suggested that the reduction of BaTiO 3 grain
sizes between 70nm and 300 nm yields colossal dielectric permittivities of the order of ≈
105 [1], [2]. Previous works in this area have suggested that lanthanum doping of BaTiO 3
crystals possess promising attributes to enhance the dielectric properties of the material [3],
[4]. Lately, the development of nanocomposites to be used as a dielectric between the
electrodes for high-performance capacitors has also been suggested [5], [6]. Though these
1

ultracapacitor properties are hugely enticing from the application perspective they are not
very easily controlled.
The ultracapacitor samples studied in this dissertation were developed by George
C. Marshall Space Flight Center of the National Aeronautics and Space Administration
(MSFC-NASA) according to patents [1] and [2]. The material between the two conducting
plates of the ultracapacitor is formed via processing a dielectric ink. This ink is a
nanocomposite with processed BaTiO3 particles dispersed in a polymer and glass-ceramic
matrix. Although the permittivity was high, it was observed that the same did not convert
to the high value of capacitance due to dielectric loss. The purpose of this research aims to
confirm the loss due to leakage through hysteresis measurements. The hysteresis curves
demonstrating leakage must be compensated to calculate the true energy density of the
capacitors. Further, the effect of particle size, coating thickness over the particles, coating
type, individual permittivities, layer thickness, dopant concentrations, frequency, and
voltage on the overall capacitance of the ultracapacitor must be studied.
1.2

Scope of Work

The remainder of this dissertation is outlined as follows. Chapter 2 describes the
relevant background and literature for ferroelectricity, barium titanate crystal structure,
dielectric properties, and energy storage. The need for particle processing, processing
techniques, sample fabrication, and specifications has also been discussed. In chapter 3,
the conditions and process of sample fabrications along with sample cost have been
detailed. In Chapter 4, the hysteresis, leakage and discharge characteristics of the
ferroelectric ultracapacitor samples have been reported. The leakage compensation
technique and the energy storage calculations, along with an empirical model has been
2

discussed under Chapter 5. Chapter 6 discusses a model for the permittivity of the dielectric
composite and the effects of component parameters on the same. Finally, Chapter 7
concludes with a summary of findings and an overview of promising opportunities for
future research in high energy density storage devices.

3

CHAPTER 2
BACKGROUND

2.1

Ferroelectricity and Barium titanate

The possibility of dielectric instability like ferromagnetism was first discussed by
Schrödinger in 1912 [7]. However, it was not until 1921 that Valasek [8] investigated the
properties of Rochelle salt (NaKC4H4O6.4H2O) and suggested the property of
ferroelectricity. The property of a material that allows the maintenance of a permanent
electric field via macroscopic alignment of domains with net dipole moments is referred to
as ferroelectricity. Barium titanate (BaTiO3), the first man-made ceramic ferroelectric was
discovered during World War II in 1945 [9], [10]. Since the discovery of ferroelectricity
in BaTiO3 by Wul and Goldman, it is perhaps the most widely studied oxide in the field of
ceramics and dielectrics. Barium titanate belongs to a group of materials that have a
perovskite crystal structure, which has a general composition of ABO3 structure [11], [12].
In the large perovskite oxide families, barium titanate is one of the most attractive
functional materials in the electronics industry, due to its superior dielectric, ferroelectric,
piezoelectric, and electro-optical properties. It has been one of the best lead-free
ferroelectric materials for microelectronic device applications in perovskite oxide families
and an ideal model for discussing the ferroelectricity and spontaneous polarization from
the point of view of crystal structure [13], [14], [15].

4

Figure 2-1: Barium titanate cubic perovskite, ABO3 crystal structure [16]

2.2

Crystal Structure and ionic displacement

The general ABO3 crystal structure is a primitive cube, with the A-larger cation in
the corner, the B-smaller cation in the middle of the cube, and the anion, commonly
oxygen, in the center of the face edges, where A is a monovalent, divalent or trivalent metal
and B is a pentavalent, tetravalent or trivalent element, respectively [17]. In Barium titanate
the A cation is the Ba atom and the B cation is the titanium (Ti) atom. The Ti -O bond
although mainly considered to be ionic has a covalent component also. The Ti ion would
be at the center of the structure if this bond were only ionic, however, due to the covalent
component, the Ti ion is displaced toward the minimum energy position within the oxygen
stage under an applied external field or thermal fluctuation. The central titanium atom is
relatively displaced up or down with respect to the oxygen atoms leading to the formation

5

of electric dipoles and domains. The spontaneous polarization is the net dipole moment
produced per unit volume for the dipoles pointing in a given direction. The magnitude and
direction of this displacement are controlled by the ionic and lattice vibrations of the
oxygen atoms [18].
When an external field is applied, there is a displacement of atoms as a function of
the external electric field E. This is shown as the polarization-field (P-E curve) in Figure
2-2. This non- linear curve due to the displacement of the central atom and the tetragonal
shape that facilitates it is referred to as hysteresis.

Figure 2-2: Displacement of atoms in BaTiO3 as a function of an external field [19]

6

2.3

Phase Transitions and Curie Weiss Law

BaTiO3 has a tetragonal structure below 120°C. A structural distortion is noticed
by means of which the ‘a’ and ‘b’ axes of the cubic phase contract and the ‘c’ axis elongates
slightly when cooled below 125- 130°C. Essentially, Ti cations displace off-center from
the TiO6 octahedral giving a 5-coordinate arrangement with almost equal Ti–O bond
lengths and a much longer bond to a sixth oxygen atom. A result of this phase transition
and Ti ion displacement is the development of a net dipole moment and the onset of
spontaneous polarization [20]. The critical temperature at which spontaneous polarization
takes place is referred to as the Curie temperature (Tc), below which all ferroelectric
materials are polar. Above Tc, the material reverts to its cubic non-polar state. The Curie
temperature of barium titanate is around 125°C.

Figure 2-3: Phases of Barium titanate indicating the direction of polarization [21]

7

As seen in Figure 2-3, when the temperature is gradually decreased below the Curie
point the structure displays three dielectric anomalies associated with the phase transitions
around 125°C, 5°C and -90°C as tetragonal, orthorhombic, and rhombohedral crystal
structures [21], [22], [23]. As mentioned earlier the cubic structure elongates along the caxis and produces a tetragonal structure between 125°C and 5°C. The structure then morphs
to a polarized orthorhombic form from 5°C to -90°C. When cooled below -90°C the
structure is rhombohedral due to the elongation of the diagonal. These phase changes cause
a change in the direction of spontaneous polarization with decreasing temperature. In the
tetragonal phase, the regions of constant polarization are known as ferroelectric domains
which are typically separated by 90° or 180° domain boundaries.

Figure 2-4: Schematic diagram of domain structure with domain boundaries. [24].
The domain boundaries can be nucleated or switched by applying an electric field
or stress and this process is known as ferroelectric switching and ferroelastic switching. In
ferroelectric switching, the direction of the polarization aligns with the direction of the
applied electric field [24].
Thus, on decreasing the temperature of a ferroelectric crystal through its Curie
point, the crystal changes from a non-ferroelectric phase to a ferroelectric phase.
8

Additionally, the dielectric permittivity of a ferroelectric material also changes with
temperature.
Figure 2-5 shows the variation of dielectric constant in BaTiO3 across the phase
transitions with respect to temperature. The temperature dependence of dielectric
permittivity above the Curie point (T>Tc) in BaTiO3 is governed by the Curie-Weiss law
[25] as in Eq. 2-1.

Figure 2-5: Dielectric constant of BatiO3 across phase transitions and temperatures

𝜀=𝜀 +

𝐶
𝑇−𝑇

Eq. 2-1

where 𝜀 is the permittivity of the material, 𝜀 is the permittivity of vacuum, C is the Curie
constant and 𝑇 is the Curie - Weiss temperature. This temperature is generally different
from the Curie temperature, Tc as 𝑇 < 𝑇 for first order transitions and 𝑇 = 𝑇 for second
9

order phase transitions [26]. The order of phase transition is defined by the discontinuity
in the partial derivatives of the Gibbs free energy relation of the ferroelectric material at
the phase transition temperatures [27].
2.4

Ferroelectric domain switching

In ferroelectric materials, the electric dipoles are usually not uniformly aligned in
the same direction throughout the entirety of the material. They are arranged in different
directions in some order to minimize the free energy in the material [28]. A domain is a
region where all the elementary dipoles are aligned in the same direction. The domains are
usually of the size of 10’s nm – 1’s µm. The boundary or interface between these domains
have spontaneous polarization oriented in a different direction as in Figure 2-4 are known
as domain walls. These walls are transition regions where the direction of spontaneous
polarization from one direction gradually aligns to the spontaneous polarization of the
adjacent domain. The distribution of the domain wall is dependent on the crystal structure
of a ferroelectric unit cell. The tetragonal phase aligns the neighboring domains to be either
perpendicular (90° orientation) or antiparallel (180° orientation) to each other whereas the
rhombohedral phase gives rise to 109° and 70° orientations.
The domains can be further broken down into regions of 1-10µm called grains with
random orientations. The interface between the grains is termed as grain boundaries, which
can be visualized as a 2D relation. Further, the polycrystalline material may have defects
and cracks. The macroscopic net polarization in the ferroelectric material is termed as the
remnant polarization, which is typically less than the spontaneous polarization.
The direction of polarization in a randomly oriented ferroelectric can be aligned in
a particular direction by the application of a sufficiently strong electric field. The process
10

is called poling [29]. When the electric field is increased in the same direction, the dipole
moments are forced to align in the same direction as the electric field and form a
ferroelectric domain state in single crystals unless the applied electric field causes material
failure

Figure 2-6: Ferroelectric hysteresis loop with polarization states [30].

Once the material is poled, switching the orientation of the domains within the
material induces a hysteresis loop as seen in Figure 2-6. The remnant polarization (Pr)
corresponds to the material's polarization without the applied electric field (E) and the

11

saturation polarization (Ps) is reached at the high field range. The switching field (Ecoerc) is
called the coercive field of the hysteresis loop [30], [28].
2.5

Capacitor fundamentals, dielectric properties, and energy storage

A capacitor consists of two parallel conducting plates of area A that are separated
by a certain dielectric material with thickness,‘d’, subjected to an electric field, E as seen
in Figure 2-7. The dielectric constant or the relative dielectric permittivity is a material
property that determines the degree of electric polarization in response to the applied
electric field [31] and is represented as the ratio of its absolute permittivity to the electric
constant as in Eq. 2-3. The electric field, E can be represented as in Gauss Law; where 𝑄
is the charge density and 𝜀 is the permittivity of free space that has a value of
approximately 8.85×10−12 F/m
𝐸=

𝑄
𝜀

Eq. 2-2

Figure 2-7: (a) Parallel plate capacitor representation (b) Charge separation under an
electric field [32], [33].
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𝜀 =

𝜀
𝜀

Eq. 2-3

Under any given voltage (V) a capacitor can store electric charge (Q) as in Eq. 2-4
Eq. 2-4

𝑄 = 𝐶𝑉

Here C is the capacitance of the capacitor which is a measure of charge per electric potential
(1 Coulomb/1 Volt = 1 Farad(F)) and is given by the expression in Eq. 2-5. In that equation,
𝜀 & 𝜀 are the relative permittivity of the dielectric and permittivity of free space, ‘A’ is
the area of the conducting plate and ‘d’ is the thickness of the dielectric between the
conducting plates. Hence, the capacitance of the capacitor can be increased by increasing
the area and decreasing the thickness or by increasing the permittivity of the dielectric
medium. The dielectric permittivity for common materials used for capacitor storage is
shown in Table 2-1
𝐶= 𝜀 𝜀

𝐴
𝑑

Figure 2-8: Permittivity as a function of frequency [34]
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Eq. 2-5

Table 2-1: Dielectric constant of commonly used materials for capacitors [35], [36]
Composition

Dielectric Permittivity

BaTiO3

1,700

PbNb2O6

225

SiO2

3.9

Al2O3

9

TiO2

80

SrTiO3

2,000

ZrO2

25

La2O3

30

The permittivity of a material is constant at DC field while there is no dielectric
saturation. Under an Ac field, the permittivity of the dielectric strongly depends on the
frequency of the applied field, which can be expressed in the complex form with a real part
and an imaginary part. The real part is commonly used as dielectric permittivity for
capacitance calculation and the imaginary part is directly related to dielectric loss.
𝜀 = 𝜀 − 𝑗𝜀

Eq. 2-6

The ratio of the imaginary part to the real part of the permittivity of the material is
defined as the dissipation factor or the loss tangent.
tan 𝛿 =

𝜀
𝜀

Eq. 2-7

The dielectric permittivity and polarization of the material can be related as in Eq.
2-8 [37].
𝑃 = (𝜀 − 1)𝜀 𝐸

14

Eq. 2-8

When the capacitor is charged, the charges between the two conducting plates are
displaced as a function of the external bias voltage and the electrical energy is stored in the
dielectric material. The energy stored (W), in the capacitor is given by the relation:

𝑊=

𝑉 𝑑𝑞 =

𝑞
1𝑄
1
𝑑𝑞 =
= 𝐶𝑉
𝐶
2 𝐶
2

Eq. 2-9

The energy stored in the dielectric per unit volume is the energy stored density
parameter, U, and is used in evaluating the performance of an ultracapacitor. Since the
charge density (Q/A) on the conducting plates is equal to the electrical displacement, D in
the dielectric, the stored energy density can be calculated as:

𝑈=

𝑊 ∫ 𝑉 𝑑𝑞
=
=
𝐴𝑑
𝐴𝑑

𝐷 𝑑𝐸

Eq. 2-10

For high permittivity dielectrics, the electrical displacement, D, is very close to the
electrical polarization P, hence the energy stored density expression becomes

𝑈=

𝑃 𝑑𝐸

Eq. 2-11

Thus from Eq. 2-8, since P is an expression involving the dielectric permittivity,
the energy stored density parameter is directly proportional to the dielectric permittivity
and to the square of the applied electric field. The calculation of energy stored in the
dielectric of the capacitor from its hysteresis curve is discussed in section 4.6.
Dielectric materials are best suited for energy storage due to their ability to be
polarized by both space charge separation and molecular polarization when an external
field is applied [38]. A few important dielectric properties are critical for energy storage.
Dielectric constant is the primary factor as demonstrated in Eq. 2-5 and Eq. 2-9. For
15

capacitor applications, these materials are exposed to a voltage gradient. Failure occurs
when an electrical short circuit develops across the material and subsequently the electron
flow in the dielectric can lead to mechanical damage and limit energy storage. Such a
failure is called dielectric breakdown and the corresponding voltage at which this occurs is
termed as its breakdown voltage [39]. Unlike the dielectric constant, that is usually a value
within a small range for a specific dielectric, the breakdown voltage could vary
dramatically in reported sources. The reason is that experimentally obtained breakdown
strength depends on interdependent parameters such as voltage ramp rate, frequency,
sample geometry, electrode materials, electrode shape, heat dissipating conditions,
porosity, pore size, grain size, boundary, thermal and ionic conditions, etc. [40], [41].
Dielectric conductivity and dielectric loss are other properties that influence the energy
storage.
2.6

Need for BaTiO3 processing and sample fabrication

The most commonly used dielectric materials for energy storage are ceramics
because of their high values of dielectric permittivity and thermal stability. However, their
comparatively low break down strength results in low energy density, leading to hindered
applicability [38]. Barium titanate is classified as one of the high permittivity dielectrics,
with a high permittivity of about 1200 – 1700 at room temperature [42]. BaTiO 3 is
processed through different mechanisms to improve or alter the dielectric breakdown
strength, permittivity, loss, Curie temperature and resistivity which have been indicated by
various sources in the literature. Some of the related research and sample fabrication are
discussed as follows:
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2.6.1

Lanthanum doping
Barium titanate has a special place in the group of ferroelectric perovskites as it can

be formulated in many systems and solid solutions that provide a wide range of
applications. A- and B-site dopants have been used for many years to modify the electrical
properties of BaTiO3 ceramics. Among the dopants, Lanthanum (La) is the most efficient
in raising the dielectric permittivity of modified BaTiO 3 ceramics. An addition of a small
amount of La3+ ions, which are B-site dopants leads to the replacement of barium ions in
the perovskite crystal as La behaves as the donor. The process is called doping and the
corresponding ion is termed as the dopant [3], [4].
The process can lead to the formation of an n-type semiconductor if the samples
are heated in a reducing or argon atmosphere or an insulator when the samples are in an air
atmosphere [43] [44]. The dopant concentration plays a vital role in changing the dielectric
loss and Curie temperature of the processed material. The dielectric loss of BaTiO 3
ceramics with 0.3% volume La2O3 was reported to be higher when compared to pure
BaTiO3, whereas as it was lower when the concentration was changed to 0.5% volume
[45]. This is because of the electronic compensation and ionic compensation doping
mechanisms. The peaks of the dielectric constant were also found to broaden over a range
of temperature values with the increase of La content.
The Curie temperature has been reported to decrease with the increase in La content
[44] and [46], as the addition of La inhibits the grain size of the material. However, La
doping in barium titanate led to a change in the lattice structure [47]; also, the dielectric
constant and ferroelectric transition temperature increased with the increase of La content.
The frequency dependency of the secondary dielectric parameters has also been shown to
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play a role in the overall permittivity of the material in [48]. The increase of resistivity
during phase changes for La-doped BaTiO3 has been reported in [49], [50] and [51]. This
effect is also known as the positive temperature coefficient resistivity (PCTR) effect. The
solubility of La into the lattice has been known to be quite high when compared to the
doping with other dopants such as rare earth elements resulting in the change in symmetry
from tetragonal to cubic and a change in grain size [20], [52], [53] and [54]. The creation
of oxygen vacancies due to La doping thereby leading to semiconductor behavior has also
been reported in [55], [56] and [57]. Although La doping in BaTiO 3 has been studied
extensively, many discrepancies have still been reported to exist between experimental
results and theoretical interpretations for La-doped barium titanate [58], [59] and [60].
These are due to the processing techniques and highly interdependent physical, electrical
and processing parameters thereby increasing the need for more comprehensive research
in this area.
2.6.2

Nanocomposites for energy storage
BaTiO3 ceramics have been widely used in capacitor applications due to their high

dielectric constant and low loss. However, it does have a few inherent limitations such as
poor flexibility and a complex manufacturing process. Polymeric materials are highly
desirable due to their advantages of relatively high breakdown strength, flexibility, and low
cost when compared to the traditional dielectric ceramics [5]. Combining polymeric
materials with excellent mechanical and film-forming properties with a ceramic material
whose dielectric permittivity is high to prepare a composite material that has the advantages
of the involved materials is a new approach towards enhanced dielectric permittivity, loss
reduction, device miniaturization, and increased energy density. Many studies have been
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reported on the dispersion of high dielectric constant ceramic powders into a polymer
matrix [6], [61], [62] and [63]. A nanocomposite is a multiphase solid material where one
of the phases has one, two or three dimensions of less than 100 (nm), or structures having
nano-scale repeat distances between the different phases that make up the material [64].
The term nano-dielectrics refers to a nanostructured multicomponent dielectric
system. There are two basic categories of nano-dielectrics: (a) polycrystalline
semiconducting or insulating materials, with grain diameter at the nano level and (b)
polymer composites reinforced with nano-inclusions. Nano-dielectrics of the latter
category are expected to have unique dielectric properties due to interfacial region between
the copolymer matrix and the nanofiller when compares to the conventional microsystems
[38], [65], [66].
Compared to the single-phase materials, nano- dielectrics combine the high
permittivity, low dielectric loss of the filler phase, and the high dielectric strength,
flexibility of the polymer matrix to achieve an enhanced energy density [67], [68], [69] and
[70]. The dispersion of nano- BaTiO3 particles for achieving high dielectric constant low
dielectric loss and enhanced energy storage has been investigated in [71], [72], [73] and
[74]. Although significant progress has been made in this field, the introduction of high
permittivity fillers still inevitably induces dielectric strength deterioration, especially in the
nanocomposites with high particle concentrations [67], [75], [76] and [77].
The deterioration is due to the inhomogeneous local electric field concentration
that could be caused by either the permittivity difference between the polymer matrix,
particle fillers or poor chemical and physical interactions between the two phases [67],
[78], [79], [80] and [81]. Consequently, new approaches that focus on filler phase
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optimization, composite structure design, polymer matrix exploitation etc. have been
developed in [82], [83], [84], [85], [75], [86] and [87]. Nevertheless, continued research
and study must be carried out in this area, which also needs to be explored from the device
perspective.
2.6.3

Coated BaTiO3 particles
Coated BaTiO3 particles in nanocomposites for high dielectric permittivity are

relatively recent when compared to the doped BatiO3 particles. Although polymer
nanocomposites discussed in the previous section have achieved super-high dielectric
permittivities, the high dielectric loss caused by the leakage current is still an enormous
challenge. The key issue is to prevent the direct contact between the fillers to suppress the
dielectric loss in polymer-based composites and still improve the dielectric constant [88].
Investigations have been made to fulfill this purpose using a surface modification of the
conductor particles [89] and [90]. Construction of multi-layered structure with conductor
and insulator is discussed in [91]. Deposition of metallic particles on the surface of BaTiO 3
nanoparticles has been discussed in [89], [92] and [93].
2.6.4

Internal barrier layer capacitor [2] and gaps in the current literature
Today’s high-performance ultracapacitors range between aluminum electrolytic

capacitors and fuel cells. The electrolytic capacitors usually have two carbon-based
electrodes, an electrolyte, and a separator. They work on the principle of an electrochemical
double layer that forms on the electrodes of the capacitor increasing the surface area of the
electrodes resulting in ultracapacitor behavior. These devices have stable charging and
discharging cycles but are limited to 103 cycles. These are primarily used in conjunction
with batteries to provide bursts of energy which they are not capable of when used as
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standalone devices. They are well suited for applications in nonuser-serviceable
environments. However, these devices cannot be used for aerospace environments unless
they are housed in hermetically sealed containers, which increase mass and volume. A
solid-state ultracapacitor would overcome the limitations of both the electrochemical
batteries and currently available electrochemical ultracapacitors. A solid-state
ultracapacitor will be able to provide robust energy storage with high reliability, less weight
and less volume than electrochemical batteries and ultracapacitors.
The ferroelectric ultra-capacitor (Fe-Ucaps) samples studied in this research are
such solid-state ultracapacitors and were developed by Marshall Space Flight Center,
NASA employing a proprietary dielectric ink mentioned in granted patents [1], [2].
These devices are recyclable energy storage devices that offer higher power and a
greater number of charge/discharge cycles than current day rechargeable batteries. They
also offer greater breakdown voltages when compared to the conventional electrochemical
ultracapacitors. Table 2-2 shows the parameters for aerospace batteries, conventional
ultracapacitors, and the Fe-Ucap target values.
Table 2-2: Ultracapacitor/Battery Comparison to Fe-Ucap techonology [2].
Device

Energy
Density (J/cc)

Charge/Discharge Cycles

Voltage
(V)

Aerospace battery (Liion)
Aerospace Range safety
battery (Ag Zn)
Commercial electrolytic
ultracapacitor
Fe-Ucap devices (28V)

172

500-2,000 < 12

28

57

<12

28

15

>500 with 50% V and 25%
C decrease
>500,000

59

80-200
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These Fe-Ucaps work on the principle of the internal barrier level capacitance
(IBLC) effect which is essentially a Schottky barrier that can form in electrically
heterogenous ceramics at insulating grain boundaries between semiconducting grains.
The irregularities in the arrangement of ions in the crystal lattice can occur due to
a vacancy at a cation or an anion site and are called defects. As a result of these defects,
the mass of the crystal decreases whereas the volume remains the same. Hence the density
of the solid decreases, so the conductivity decreases and the resistivity increases resulting
in high values of the dielectric constant of the material. Thus, the two main parameters for
the internal barrier layer to increase the overall dielectric permittivity are the inner grain
conductivity and the insulating grain boundary. The former is related to the amount of
charged defects that are intentionally produced prior to or during sintering under reducing
conditions.
The Fe-Caps in our study achieves its high permittivity via the IBLC effect as seen
in Figure 2-9. The individual ferroelectric grains are coated by a dielectric shell and are
processed by sintering at high temperatures under reducing forming gas atmosphere (96%
N2 and 4% H2). In the samples sintered after coating, it is believed that the forming gas
penetrates the shell and reacts with the inner grain, making each grain semi-conductive.
The coating serves as an insulator, thus resulting in many nanocapacitors in parallel as seen
in the zoomed portion of Figure 2-9. Research at MSFC, NASA aims to use the Fe-Ucaps
for aerospace battery applications by housing many cells of the devices with layers as seen
in Figure 2-10.

22

Figure 2-9: Internal Barrier Layer Capacitor effect.

Figure 2-10: Module with multilayer stacked Fe-Ucaps.
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This IBLC at grain boundaries has been studied in the last decade for CaCu 3Ti4O2
ceramics [94], [95]. The study in [96] demonstrated that the individual coating of
ferroelectric BaTiO3 grains by a silica shell followed by fast sintering leads to stable
supercapacitor behavior. Although the IBLC technique can be applied to any material with
extended dielectric interfaces of very small thickness: in ceramics; insulating grain
boundaries surrounding the conducting grains can induce dielectric barriers between the
conducting layers. However, the exact nature of the conduction mechanism within the
grains and of charge accumulation at the grain boundaries is not well understood.
While the features of these ultracapacitive devices are very appealing for various
applications, some parameters are not very easily understood or controlled. The dielectric
losses, low-frequency contributions to the dielectric permittivity and dc conductivity are
yet to be detailed. The stabilization of defects in BaTiO3 ceramics is still a challenge as
mentioned in [96], [94], [97], [98]. Difficulties have also been realized during attempts to
compensate for heterovalent substitutions like La on the Ba site of BaTiO 3 [99] and [100].
In addition, for BaTiO3 many discrepancies have been reported on the control of grain
boundaries which include tuning their morphologies and electrical properties. These are
mentioned to be dependent on the particle processing techniques as in [101], [102] and
[103].
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CHAPTER 3
SAMPLE FABRICATION
The proprietary process of fabricating the Fe-Ucap samples used in his study is
detailed here as per granted patents [1] and [2]. The processes of inducing the vacancies
for IBLC effect, preparation of the proprietary dielectric ink and mechanism of screen
printing the devices are detailed in this Chapter.
3.1

Preparation of the dielectric ink [1]

A custom organic vehicle is prepared to serve as the base of the ink. It is a
combination of a polar solvent and a binder material, with a viscosity ranging from 30
centipoise (cP) to approximately 15000 cP. The organic vehicle is typically composed
of 50%-80% and approximately 20%-50% binder. The solvent is either 2,2,4-trimethyl1, 3- pentanediol monoisobutyrate, terpineol or diethylene glycol monobutyl ether. The
binder material is ethyl cellulose. The organic vehicle makes up approximately 10%20% of the dielectric ink. The reason for the range of solvents and viscosities is to tailor
the ink for specific printing technologies such as inkjet, aerosol, or screen printing. The
organics are removed via a firing process. For the screen-printing process (used for the
Fe-Ucap samples), the organic vehicle was made with terpineol and processed for the
higher range of viscosity.
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The dielectric (BaTiO3) powder is then added to the custom vehicle. The particle
sizes were 140nm and 500nm. For the coated samples the particles of the dielectric
powder have a coating deposited using the Atomic Layer Deposition technique (ALD).
This technique, when compared to the sol-gel technique, ensures that maximum
deposition and good uniformity of the coating material on the surface of the perovskite
particle after a single ALD cycle. In the case of coated samples, the dielectric powder
undergoes a doping process. The dielectric powder constitutes about 30% - 70% of the
dielectric ink. The dielectric ink has a target dielectric powder percentage based on the
printing application.
Next, a dispersant is added to the mixture to minimize particle settling. In certain
samples, this dispersant is a surfactant such as a phosphate ester. The dispersant makes
up approximately 0.5% to 5% of the dielectric ink. Following this, lead germanate glass
is added. The glass a dielectric constant of approximately 10 and does not affect the
Curie temperature of the dielectric powder during sintering. This makes up
approximately 5% to 15% of the dielectric ink.
Following this a solvent is added, which along with the dielectric powder, glass
and organic vehicle form the dielectric ink. The amount of additional solvent added sets
the final viscosity of the dielectric ink and depends on the printing application like
aerosol, inkjet deposition or screen printing. The additional solvent makes up 10%-35%
of the dielectric ink. The viscosity of the ink is tested using a viscometer. For aerosol or
inkjet application the viscosity is required to between 1 cp to 1000cp – a lower viscosity
range than screen printing that requires a viscosity of approximately 20,000 cP to
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100,000 cP or three-dimensional printing that requires a viscosity of approximately
10,000 cP to approximately 200,000 cP.
3.2

Fabrication process [2]

Particles of BaTiO3 having an average grain size of 100-700 nm are heated in a
fluidized bed vertical tube furnace under a mixture of 70-96% by volume N 2 and 4-30%
by volume H2 gas for 60-90 minutes at 900ºC. For this study, a 5 nm SiO2 or 10 nm
Al2O3 coating is deposited over the particles either before or after the forming gas step.
The particles are then incorporated into an ink as detailed in section 3.1 with the
following formulation:
a. 60-80% by weight BaTiO3 particles coated with a nanometer scale thin
film of SiO2 or Al2O3; the BaTiO3 particles having an average grain size
of 100-700 nm; the BaTiO3 having doubly ionized oxygen anion
vacancies.
b. 5-50% by weight high dielectric constant glass; particles being 1-10 µm
in size.
c. 0.1-5% by weight surfactant.
d. 5-25% by weight solvent and
e. 5-25% by weight organic vehicle.
Next, a layer of the dielectric ink is deposited on a printing substrate with the
pre-sintered and deposited electrode in place. The electrode can be silver, silver
palladium or any material with resistance between 1mΩ and 10 Ω. For the samples in
this study, silver palladium electrodes were used. Silver was used only for contact pads
due to ease of soldering leads. Finally, the dielectric ink is sintered onto the substrate by
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heating in a second furnace which is a multizone belt furnace at 850 to 900ºC for 60-90
minutes. The ink and substrate are then allowed to cool to ambient. This heating and
cooling cycle is carried out under an N2 atmosphere which contains less than 25 ppm O2.
Preferably, during sintering, the time under 600º is kept to 30 minutes maximum; time
under 800ºC is 20 minutes maximum, and total time is 60-90 minutes. Also, preferably,
the heating rate is 45-55ºC per minute from 300 – 500ºC and the cooling rate is 45-55ºC
per minute from 700-300ºC. Once the dielectric is sintered, a top electrode is added. The
printing substrate is preferably 0.025-0.040-inch thick Al 2O3 in which the Al2O3 is at
least 96% pure. The means of deposition used may include aerosol deposition, screen
printing or three- dimensional printing. Samples in this study were made viascreen
printing. The fabrication method dries out the printed product to remove solvent and
binder from the dielectric ink. Curing occurs at a temperature ranging from
approximately 275 - 375ºC for a period of at least 24 hours.
This process results in an inter-barrier layer ultracapacitor made from novel
dielectric materials as a battery replacement with the following advantages: longer life,
lower mass-to-weight ratio, rapid charging, on-demand pulse power and improved
standby time without maintenance, and environmental friendliness.
3.3

Fe-Ucap Sample Processing

Figure 3-1 shows the electrode and dielectric construction and Figure 3-2
illustrates the schematic representation of a Fe-Ucap.
The samples in this study can be broadly classified into two sections based on
the dielectric configuration between the electrodes as follows: (a) coated particle
samples and (b) lanthanum doped samples. The coated particle samples are of two types:
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particles with alumina coating and particles with silica coating. Based on the processing
technique (reduction) the samples are further classified into samples that are reduced
before coating and samples that are reduced after coating. Hence, there are 8 sample
categories under the coated sample section. As for the doped sample section, they are
initially classified based on the dopant: La2O3 or La (OH)3 and then based on the doping
concentrations: 1% or 5% leading to 4 sample categories under the doped sample
section. Altogether, 12 different sample categories have been used in this study. Two
samples under each category were tested and the data reported in the forthcoming
chapters is an average of the values obtained from them. A total of 24 samples were
used in this study.

Figure 3-1: Top (A), Side (B) and Layer (C) views of the Fe-Ucap cell [1], [2].
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Figure 3-2: Schematic of a screen-printed Fe-Ucap cell [1], [2].
3.3.1

Processing and fabrication of lanthanum doped samples
Bottom electrodes were created from silver-palladium that was screen printed

using commercial inks and sintered at 800 ºC. The raw oxides of Ba (BaO), Ti (TiO 2)
and La (La2O3/ La (OH)3) are ground, mixed and sintered at 1150 ºC for about 4-6
hours. These sintering times were maintained to be short to keep particle sizes at 500
nm, which was verified in a particle size analyzer. The particles were then processed in
a fluidized bed of forming gas to create oxygen vacancies in the particle
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composition. The dielectric ink is created by mixing these processed particles along
with surfactant and lead germanate glass (less than 10% by weight.) in a binder. This
ink was then screen-printed using 325-400 mesh screens. The binders and surfactants
were then driven off in a nitrogen furnace (<25 ppm O2) at 850 ºC for several hours
which also allows the glass to reflow forming a dense ceramic. This is done in O 2
depleted ovens to maintain the oxygen vacancies. The hardened ceramic is then screen
printed over with the next electrode of silver-palladium and again sintered without O 2
to maintain oxygen vacancies. The dielectric ink produced via this process is detailed in
granted patent US9,745,481 B2.

Figure 3-3: TEM image – alumina coating on two barium titanate particles
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Figure 3-4: TEM image – silica coating on a barium titanate particle

3.3.2

Processing and fabrication of coated particle samples
In the case of coated samples, BaTiO3 particle sizes were milled to be 140 nm

and 500 nm. The pre-processed particles can be described as particles that are heated in
a fluidized bed of forming gas (25%, H2/N2) to create oxygen vacancies in the perovskite
lattice. These particles are then sent for atomic layer deposition coating of either Al 2O3
(coated to 10nm) or silica (coated to 5nm). Coating thickness was verified by MSFC via
transmission electron microscopy (TEM) as in Figure 3-3 and Figure 3-4. The 20 nm
bar is not calibrated and only present for approximate scale. Post-processed particles are
different in that they are coated first, then heated in the fluidized bed. This was done to
determine if the hydrogen molecular size was sufficiently small to penetrate the
coatings.
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3.3.3

Sample Cost
The overall cost involved in the production of the Fe-Ucap samples supplied to

UAH by MSFC-NASA is detailed as follows: The labor cost to mill the perovskite
particles was approximately $71,000. The coating process of the particle material was
over $30,000. The conductor inks and alumina plates were purchased in bulk which ran
about $1,000 and $1,500 respectively. The screen printing and forming gas cost were
about $825. The total cost involved in producing the samples was around $104,325 and
UAH was provided with 24 samples (per sample cost of $3,250).
We initially anticipated to use 10 samples of each Fe-Ucap category for this
research, but the costs turned out to be very prohibitive. NASA accepted the risk on the
lack of statistics to eliminate unproductive samples because the cost was so high. Hence
the overall goal of this project evolved to move in the direction of eliminating as many
electrical/processing variables as possible for optimal energy storage. It is to be noted
that these costs do not translate to the commercial sector. Mass production, lean
manufacturing, buying in bulk, etc. should lower the costs considerably. Also, it takes
weeks to manufacture these samples in-house when compared to the industrial
manufacturing rate for a single day.
The fabrication process of the Fe-Ucaps is a very elaborate and precise one. The
first set of coated Fe-Ucap samples although fabricated using the same process were
found to not work as ultracapacitors during the initial round of electrical characterization
at UAH. The inter barrier layer capacitance was seen to be deficient as the coating
diffused into the BaTiO3 particles. The devices had to be fabricated again and the
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corrected samples with verified coating were used for the study reported in this
dissertation.
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CHAPTER 4
HYSTERESIS, LEAKAGE AND DISCHARGE
CHARACTERISTICS OF FERROELECTRIC
ULTRACAPACITORS [104], [105]

4.1

Ferroelectric ultracapacitor sample types and tester setup

The Fe-Ucaps have an active area of 3.264cm2 and a thickness of 50µm. These
dimensions were dictated by the screen printer and the printing process. The ferroelectric
material between the two conductive AgPd electrodes is barium titanate (dielectric ink:
discussed in section 2.6.4). The ferroelectric particles are dispersed in a lead germanate
glass matrix. Based on the ferroelectric particle size, particle coating, particle doping,
and processing, the Fe-Ucaps under study can be classified as shown in Table 4-1. Two
samples per sample type were tested. The hysteresis, leakage and discharge parameters
appeared to be quite the same. Hence the data presented in this study for each sample
type is the average of 2 samples.
Since the dielectric in Fe-Ucaps is ferroelectric and taking into consideration the
complex structure of dipoles, grain boundaries and pores explained in chapter 2, its
properties can be studied using ferroelectric characterization across a range of
frequencies rather than just DC. A ferroelectric test system (Precision Premier II with
Vision 5.8.0 – Radiant Technologies) was used to collect electrical characterization data.
35

The measurements were made by connecting one electrode of the Fe-Ucaps to the drive
terminal of the Precision Premier II and the other to the return terminal. The Fe-Ucaps
under test are placed in a grounded cabinet to avoid any external interference. Figure
4-1 shows the experimentation set up.
Many studies in the literature have reported the effect of humidity on dielectric
materials. Humidity induces grain growth and a decrease of porosity and specific surface
area, affecting the total number of available sites for adsorption on the surface of the
material. It has been proven that the presence of water with a higher dielectric constant
compared to air, yields a linear increase in effective dielectric permittivity in porous
materials [106]. Relative humidity was reported to exhibit a strong effect on the domain
switching behavior of BaTiO3 crystal structure [107] and [108]. A study conducted on
silica aerogels showed that the dielectric constant decreases as the operating temperature
increases. High operating temperatures can reduce the effects of moisture by drying the
material [109].
A humidity chamber was not available in which to test these samples. To control
the effects of humidity on the Fe- Ucap characterization, the data for a particular sample
type was collected during one half of the day where changes in humidity were minimal.
Also, while comparing hysteresis curves at different frequencies – discussed in leakage
compensation, the tester was configured to run the test cycles back to back. In addition,
the hysteresis data presented in this dissertation does not involve test runs over 10,000
ms. The DC stressing of the samples to calculate the leakage resistance was done with
a soak time of 10,000 ms and a measurement time of 10,000 ms.
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The hysteresis data is presented for five frequencies (0.1, 1,10,100,1000 Hz)
and a voltage range of 1-10 V. The leakage resistance is measured at DC. The discharge
characteristics of the Fe-Ucaps are observed using an R-C circuit including the leakage
resistance measured at DC along with an external resistance used for capacitance
discharge. The time constants of the ultra-capacitors have also been measured from the
discharge tests.

Figure 4-1: Experimental setup for the ferroelectric characterization using the
Precision Premier II tester.
An observation of the capacitance values calculated from the hysteresis,
discharge curves, and conventional LCR meter measurements is presented. These
capacitances are evaluated for 0.1,1,10,100,1000 Hz and at DC. The effect of resistive
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leakage across the Fe-Ucaps on the hysteresis curves and its impact on capacitance and
energy stored calculations have also been discussed.
Table 4-1: Fe- Ucap sample classification
Coated Particle Samples
Capacitor
Type

Coating

Al-1
Al-2

Alumina
Alumina

Al-3
Al-4
Si-1
Si-2
Si-3
Si-4

Capacitor
Type
La-1
La-2
La-3
La-4

Processing

Reduced after coating
Reduced before
coating
Alumina
Reduced after coating
Alumina
Reduced before
coating
Silica
Reduced after coating
Silica
Reduced before
coating
Silica
Reduced after coating
Silica
Reduced before
coating
Doped particle samples

Nominal
Coating
Thickness
10nm
10nm

Nominal
Particle size

10nm
10nm

500nm
500nm

5nm
5nm

140nm
140nm

5nm
5nm

500nm
500nm

140nm
140nm

Dopant

Doping percentage

Particle size

La2O3
La2O3
La(OH)3
La(OH)3

1%
5%
1%
5%

500nm
500nm
500nm
500nm

4.2

Hysteresis Characterization

Hysteresis is an inherent property of ferroelectric materials. It is the relation
between an applied field and the resulting polarization. This phenomenon is associated
with the domain structure of the materials and must be accommodated in applications,
which employ ferroelectric components [110], [111].
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4.2.1

Tester Setup
Hysteresis measurements are made by connecting the Fe-Ucaps samples

between the drive and return terminals of the Precision Premier II tester. The Hysteresis
task is selected on the Vision-Software-GUI for task configuration. The task is set up to
range voltages between 1-10V at five different frequencies (0.1, 1, 10,100,1000 Hz)
each. The input voltage waveform is specified to be a standard bipolar triangular
waveform. Once the tester is configured for the hysteresis task, the voltage waveform is
applied to the sample in a series of voltage steps. At each voltage step, the current
induced in the sample by the voltage step is integrated. The integral value is captured
and converted into Polarization (µC/cm2). As the voltage increases from zero to the
maximum, the positive charging hysteresis curve is measured. The voltage then reduces
to zero following the triangular waveform configuration for which the positive
discharging hysteresis curve is measured. Similarly, the negative charging and
discharging hysteresis curves are measured as the voltage proceeds to the maximum and
then returns to zero in the negative direction [112]. Each measuring cycle range is 3-5
minutes. These measurements were made at ambient temperatures of 20-25°C.
4.2.2

Hysteresis Test Data
The capacitances of the Fe-Ucaps are then computed from the hysteresis curves

at the five frequencies using the measured P max as in Eq. 4-1
𝐶=

(𝑃 )(𝐴𝑟𝑒𝑎)
𝐵𝑖𝑝𝑜𝑙𝑎𝑟 𝑀𝑎𝑥. 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

Eq. 4-1

The triangular waveform voltage data points are then converted to electric field
(kV/cm) using Eq. 4-2 and the corresponding polarization values are plotted to get a PE curve. The energy stored in a capacitor is given by the relation in Eq. 4-3, hence the
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energy stored in the Fe-Ucaps for the corresponding frequencies can be evaluated by
calculating the shaded area in its positive P-E curve cycle as shown in Figure 4-2.
The hysteresis task produces five derived parameters of interest. These are:


Pmax: The polarization at the maximum applied voltage.



+Pr: The polarization at zero volts when the voltage is moving from positive to
negative.



−Pr: The polarization at zero volts when the voltage is moving from negative to
positive.



+Vc: The voltage at which polarization is zero when switching from negative to
positive.



−Vc: The voltage at which polarization is zero when switching from positive to
negative.
𝐹𝑖𝑒𝑙𝑑 =

𝐵𝑖𝑝𝑜𝑙𝑎𝑟 𝑀𝑎𝑥. 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

Figure 4-2: Energy storage calculation from hysteresis curves
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Eq. 4-2

𝑊=

𝐸. 𝑑𝑃

Eq. 4-3

The hysteresis curves for the different types of Fe-Ucaps have been illustrated in
Figure 4-3 to Figure 4-14 at various frequencies (0.1, 1, 10, 100, 1000 Hz) and voltages
(1-10V). It was observed that the samples with 10 nm alumina coating over the
ferroelectric particle exhibited thinner hysteresis curves (area between the charging and
discharging hysteresis cycles) when compared to their 5nm coated silica counterparts.
Also, the samples which underwent reduction after coating exhibited significantly
thinner hysteresis curves when compared to those that were reduced before coating.
These variations in the thickness of the hysteresis curves can be directly translated to
the energy stored in the Fe-Ucaps since it is measured as the area made by the positive
discharging hysteresis curve with the y-axis as shown in Figure 4-2.
It was noted that the thickness of the hysteresis curve decreased as the testing
frequency increased for each sample type. The hysteresis curve measured at 1000 Hz is
much thinner (lesser coercive voltage) than the hysteresis measured at 0.1 (closer to DC)
Hz. Another interesting phenomenon that was observed in the samples that were reduced
before coating, both alumina and silica, is that the maximum polarization did not occur
at the maximum applied voltage. This indicates that the spurious measurement of the
charge as polarization is due to the leakage in the capacitor. Also, it is to be noted that
the polarization did not saturate at the maximum applied voltage (10V). The spurious
charge may be a result of this unsaturated polarization as the shape of the actual
hysteresis curve (with saturated polarization to at voltages higher than 10V) was not
realized.
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Thus, it is observed that as the frequency tends to DC the leakage becomes
significant. Hence, these hysteresis curves need to be compensated for leakage before
the energy stored is calculated to eliminate erroneous data. Also, the hysteresis curves
did not saturate for the tester measurement range; up to 10 V. The hysteresis curves must
be measured at higher voltages to determine the saturation polarization values for these
ultra-capacitor samples.
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Figure 4-3: Hysteresis of Capacitor type Al-1 (particle size 140nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-4: Hysteresis of Capacitor type Al-2 (particle size 140nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-5: Hysteresis of Capacitor type Si-1 (particle size 140nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-6: Hysteresis of Capacitor type Si-2 (particle size 140nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-7: Hysteresis of Capacitor type Al-3 (particle size 500nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-8: Hysteresis of Capacitor type Al-4 (particle size 500nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-9: Hysteresis of Capacitor type Si-3 (particle size 500nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-10: Hysteresis of Capacitor type Si-4 (particle size 500nm) for voltages
ranging from 1-10V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-11: Hysteresis of Capacitor type La-1 (doped particle size 500nm) for
voltages ranging from 1-5V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-12: Hysteresis of Capacitor type La-2 (doped particle size 500nm) for
voltages ranging from 1-5V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-13: Hysteresis of Capacitor type La-3 (doped particle size 500nm) for
voltages ranging from 1-5V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Figure 4-14: Hysteresis of Capacitor type La-4 (doped particle size 500nm) for
voltages ranging from 1-5V and frequencies 0.1, 1, 10, 100, and 1000 Hz
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Table 4-2: Capacitance calculated by tester for coated samples with 140nm particle
size
Capacitance (nF) at 1V
Frequency (Hz)

Al-1

Al-2

Si-1

Si-2

0.1

8.6272

152.9502

22.1376

72.4338

1

8.0382

32.6802

15.3559

25.4909

10

7.6283

15.2140

13.4483

13.2807

100

7.2809

9.8764

12.8922

9.6936

1000

6.9666

7.9657

12.5707

8.6552

Table 4-3: Capacitance calculated by tester for coated samples with 500nm particle
size
Capacitance (nF) at 1V
Frequency (Hz)

Al-3

Al-4

Si-3

Si-4

0.1

954.5244

109.3035

65.7064

48.1660

1

92.4942

36.3725

25.7929

32.1690

10

29.5645

26.3726

15.7344

27.6406

100

14.5405

9.5004

14.8040

36.3938

1000

9.6492

8.2117

12.0400

25.6782
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Table 4-4: Capacitance calculated by tester for doped sample
Capacitance (nF) at 1V
Frequency (Hz)

La-1

La-2

La-3

La-4

0.1

16.1087

9.3885

17.4058

13.2770

1

15.1398

8.6973

6.5982

11.3411

10

14.6073

8.2942

2.9383

10.5374

100

14.1767

8.0915

1.6787

10.2143

1000

13.7309

7.9454

1.1901

10.0377

The capacitance of the different types of Fe-Ucaps was also measured using a
conventional LCR meter. Table 4-5 shows the capacitances of the Fe-Ucaps measured
at 1 kHz and at 1 volt using the LCR meter in parallel mode.
Comparing Table 4-2, Table 4-3 and Table 4-4, capacitances calculated at 1 kHz
from the data of the ferroelectric tester is like those measured by the LCR meter at the
same frequency as indicated by the values shown in black. This verifies the capacitance
calculation specified in Eq. 4-1 using the Pmax values of the hysteresis curves measured
at that frequency. However, as mentioned earlier, the P max values of the hysteresis
curves exhibiting leakage do not occur at the maximum applied voltage. Thus, their
corresponding capacitance calculation must also be done after compensating the
hysteresis curves for leakage to get an accurate data set. The capacitance values of these
capacitors are mentioned in red for all sample types and corresponding frequencies.
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Table 4-5: Capacitance measured using LCR meter at 1V, 1 KHz
Capacitor Type

Capacitance (nF)

Coated, Particle size 140 nm
Alumina, reduced after coating, Al-1

7.08

Alumina reduced before coating, Al-2

10.12

Silica, reduced after coating, Si-1

12.75

Silica reduced before coating, Si-2

18.82

Coated, Particle size 500 nm
Alumina, reduced after coating, Al-3

12.75

Alumina reduced before coating, Al- 4

16.17

Silica, reduced after coating, Si-3

16.03

Silica reduced before coating, Si-4

26.97

Doped, Particle size 500nm
1% Lanthanum oxide, La-1

17.65

5% Lanthanum oxide, La-2

8.76

1% Lanthanum hydroxide, La-3

13.24

5% Lanthanum hydroxide, La-4

11.14
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4.3
4.3.1

Leakage

Setup and Data

Figure 4-15: Leakage test profile
The samples were subjected to DC stressing using the leakage test profile as in
Figure 4-15. The leakage resistance calculated from the measured leakage current is
tabulated in Table 4-6. Because the measured leakage was observed to be independent
of the applied voltages (1-10V), the data was averaged for tabulation.
The leakage resistance for capacitor types Al-1, Si-1, La-1, La-2, La-4 is larger when
compared to the other capacitor types. This can be related to less leakage current in these
capacitor types as seen in the hysteresis curves in Figure 4-3 to Figure 4-14. The
hysteresis curves for capacitor types Al-1, Si-1, La-1, La-2, La-4 (Figure 4-3, Figure
4-5, Figure 4-11, Figure 4-12 and Figure 4-14) have less coercive voltages (thickness
of the hysteresis curve) when compared to the other capacitor types. These leakage
current measurements can also be correlated with the difference in the thickness of the
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hysteresis curves measured at 0.1 Hz (close to DC) compared to those measured at
higher frequencies.
Table 4-6: Leakage Resistances
Capacitor Type

Leakage Resistance, Rleak(Ω)

Coated, Particle size 140 nm
Alumina- reduced after coating, Al-1

3.5840*109

Alumina-reduced before coating, Al-2

6.9302*106

Silica-reduced after coating, Si-1

1.4444*108

Silica-reduced before coating, Si-2

4.5302*106

Coated, Particle size 500 nm
Alumina-reduced after coating, Al-3

6.7139*105

Alumina-reduced before coating, Al- 4

2.1164*106

Silica-reduced after coating, Si-3

3.8634*106

Silica-reduced before coating, Si-4

3.2355*107

Doped, Particle size 500nm
1% Lanthanum oxide, La-1

6.8319*108

5% Lanthanum oxide, La-2

1.8254*109

1% Lanthanum hydroxide, La-3

2.8187*107

5% Lanthanum hydroxide, La-4

7.2618*108

4.4
4.4.1

Discharge

Setup and Data

The Fe-Ucap discharge circuit is a traditional R-C time constant circuit. The leakage
resistance measured in the leakage test is incorporated in this circuitry. Hence the ’R’ is
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a parallel combination of the resistor, R, and the leakage resistance across the capacitor,
Rleak. The charge and the discharge is measured using a compensated probe.
The discharge curves were captured for a charging voltage of 10V. In Figure 4-16,
when the switch is open the Fe-Ucap discharges through the resistor. The time constant
for each discharge curve is measured as the time difference between the point where the
Fe-Ucap is fully charged (Vcap) and the point where it discharges to 36.8% of Vcap. The
corresponding measure of capacitance is calculated from the relation τ = R ∗ C.

Figure 4-16: Discharge curve measurement setup

Table 4-7 illustrates the capacitances of the Fe-Ucaps derived from their
respective discharge curves at DC through a 100KΩ resistor to avoid heating effects.
The Rleak measured from DC stressing the samples is incorporated into the circuit across
the Fe-Ucap. This is to compensate for any leakage/ spurious charge measured using the
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standard RC time constant circuit. Since the leakage across the Fe-Ucaps has been
compensated in this discharge circuitry, the capacitances calculated from the discharge
curves are more realistic than those calculated from the lower frequency hysteresis
curves produced by the ferroelectric tester that include leakage.
Table 4-7: Capacitance calculated from discharge including Rleak
Capacitor Type

Capacitance (nF) at 10V, 100 KΩ and
Rleak in parallel
Coated, Particle size 140 nm

Alumina, reduced after coating, Al-1

10.72

Alumina reduced before coating, Al-2

14.43

Silica, reduced after coating, Si-1

28.09

Silica reduced before coating, Si-2

70.14

Coated, Particle size 500 nm
Alumina, reduced after coating, Al-3

28.36

Alumina reduced before coating, Al- 4

32.05

Silica, reduced after coating, Si-3

30.23

Silica reduced before coating, Si-4

53.62

Doped, Particle size 500nm
1% Lanthanum oxide, La-1

14.04

5% Lanthanum oxide, La-2

9.56

1% Lanthanum hydroxide, La-3

13.12

5% Lanthanum hydroxide, La-4

15.39
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4.5

Inferences

In summary, the hysteresis, leakage and discharge characteristics of all the types
of barium titanate ferroelectric ultra-capacitors with alumina/silica coating and two
kinds of processing and La-doped samples have been presented. The hysteresis
measurements indicated that as the frequency increased the coercive voltage (also seen
as the thickness of the hysteresis) reduced for all types of capacitors. It was also
observed that the capacitors that were reduced before coating (both alumina and silica
samples) exhibited much higher coercive voltages when compared to their counterparts
that underwent reduction after coating.

Prominent leakage was not seen in the

lanthanum doped samples except for type La-3 which has the least leakage resistance
and therefore the highest leakage current. It was also clear from the hysteresis figures
that the Pmax for the samples that exhibited leakage did not occur at their corresponding
maximum applied voltage indicating a spurious charge measurement that can be equated
to the leakage across the capacitor. Hence, the hysteresis curves must be compensated
for those curves that indicate leakage before the energy storage is calculated.
The capacitance calculation from the tester measurements that were made at 1
kHz was verified by the LCR meter readings at the same frequency. The hysteresis
curves at lower frequencies indicated leakage. These curves need to be leakage
compensated to be used in the capacitance calculations for frequencies lower than 1
kHz. The actual leakage currents through the sample Fe-Ucaps were measured and the
corresponding leakage resistances were calculated at DC as shown in Table 4-6. One
sees that the leakage resistance of the samples that were reduced after coating were much
higher than those that were reduced before coating. These resistance values were then
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incorporated into the discharge circuit to compensate for leakage. The time constant was
then calculated from the discharge curves for each Fe-Ucap sample for a charging
voltage range of 10V.
4.6

Energy Storage

Electrical energy plays a key role in most of today’s power applications. There
has been a growing need for capacitors to accumulate a large amount of energy and then
deliver it almost instantaneously. The use of dielectric materials to store energy in the
form of charge separation when the electron distributions around constituent atoms or
molecules are polarized by an external electric field has been seen in existing literature
[113], [114], [115]. The complex permittivity of a material can be expressed as in Eq.
4-4 [35].
𝜀 = 𝜀 − 𝑗𝜀
where 𝜀 and 𝜀

Eq. 4-4

are the real and imaginary parts of the complex permittivity. The

magnitudes of 𝜀 and 𝜀 depend on the frequency, ω of the applied electric field and is
given by the Kramers-Kronig relation as in Eq. 4-5 [116].
𝜀 (𝜔) = 𝜀 +

2
𝜋

𝑢𝜀 (𝑢)𝑑𝑢
𝑢 − 𝜔

Eq. 4-5

where 𝜀 is the permittivity of free space (8.85 x 10-12 F/m), 𝑢 is the charge correlation
function and 𝜔 is the frequency.
The 𝜀 part of the permittivity is given as in Eq. 4-6
𝜀 = 𝜀 − 𝑗𝜀

Eq. 4-6

where 𝜀 is the relative permittivity also known as the dielectric constant. The magnitude
of ɛ’ that is the dielectric constant, 𝜀 is actually a measure of the ability of the material
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to store energy under an applied electric field. In the case of a parallel plate capacitor
with active area, A and thickness, d; the capacitance of the capacitor is given as Eq. 4-7
𝐶=

𝜀 𝜀 𝐴
𝑑

Eq. 4-7

The imaginary part, 𝜀 is called the dielectric loss. As the polarization of a
material under an applied electric field varies, some of the field energy is dissipated due
to charge migration or conversion into thermal energy. For an energy storage device like
a capacitor, we obviously wish to minimize the dielectric loss.
The energy stored in the capacitor is given by the relation in Eq. 4-8
𝑊=
where 𝑉

1
𝐶𝑉
2

Eq. 4-8

is the breakdown voltage. In terms of the dielectric constant (𝜀 ), the

volumetric energy density of a dielectric capacitor is as in Eq. 4-9, where 𝐸

is the

breakdown field strength
𝑊=

𝑊
1
= 𝜀 𝜀 𝐸
𝐴𝑑
2

Eq. 4-9

The energy stored in a dielectric/ferroelectric capacitor can also be deduced from
its P-E curves. The surface integral of the P-E loops of samples can be used to estimate
the recoverable (stored) electric energy (U) in any material. The expression used to
calculate the energy density is given as in Eq. 4-10 [117], [118], [119].
𝑈=

𝐸 𝑑𝐷 =

𝐸 𝑑𝑃

The energy storage efficiency, 𝜂 is given as in Eq. 4-11 [33]
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Eq. 4-10

𝜂=

𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑
𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑜𝑠𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

Eq. 4-11

The dissipation factor, tan 𝛿 is calculated as in
tan 𝛿 =

𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑜𝑠𝑡
𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑

Eq. 4-12

Here 𝐷 represents the electric displacement vector. In the case of ferroelectric
materials, the displacement vector is calculated as 𝐷 = 𝜀 𝐸 + 𝑃. Since ferroelectric
materials possess a very high magnitude of polarizability, their electric displacement is
approximately equal to the polarization or 𝐷 ≈ 𝑃 [120].

Figure 4-17: Schematic description of the energy storage characteristics for
ferroelectrics [33], [120].
4.6.1

Setup and Data
For this research, hysteresis (P-V) curves were measured for each sample as

described in the hysteresis task setup using the Precision Premier II ferroelectric tester.
These curves were then converted into their P-E equivalents to calculate the energy
stored, energy lost parameters of the coated and doped Fe-Ucap samples.
For each hysteresis curve measured at 0.1, 1, 10, 100, 1000 Hz and at 1-10V, the
corresponding P-E curve is evaluated for all the Fe-Ucap samples. The energy values
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are measured by calculating the areas of integration as illustrated in Figure 4-17 and
Figure 4-18 using MATLAB software.
As mentioned earlier, the hysteresis curve consists of two parts; the charging
curve, where the voltage is increased from zero to maximum and the discharging curve,
where the voltage is decreased from maximum to zero. For energy calculations, we are
only interested in the positive halves of the charging and discharging curve cycles. The
total area of integration is calculated using the P max, polarization at maximum voltage;
with respect to the x, y-axes. Next, the area under the discharging and charging P-E
curve is calculated as the discharging integration area and charging integration area.
Now the energy stored/recovered for each cycle is calculated by subtracting the
discharging integration area from the total integration area. The energy lost is calculated
similarly by subtracting the charging integration area from the discharging integration
area. Tan-δ (dissipation factor), a measure of dielectric loss, is calculated as the ratio of
energy lost to energy stored and the ESR, or equivalent series resistance is calculated
using the relation in Eq. 4-13 where 𝑓 is the frequency and 𝐶 is the capacitance of the
capacitor
𝐸𝑆𝑅 = tan 𝛿 (2𝜋𝑓𝐶)
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Eq. 4-13

Figure 4-18: Illustration for energy stored and energy lost calculations in Fe-Ucaps

67

Figure 4-19: Energy Stored for type Al-1

Figure 4-20: Energy Lost for type Al-1
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Figure 4-21: Dissipation factor for type Al-1

Figure 4-22: Energy Efficiency for type Al-1
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Figure 4-23: Energy Stored for type La -1

Figure 4-24: Energy Lost for type La-1
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Figure 4-25: Tan Delta for type La-1

Figure 4-26: Energy Efficiency for type La-1
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Figure 4-27: Energy Stored for type La-2

Figure 4-28: Energy Lost for type La-2
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Figure 4-29: Tan Delta for type La-2

Figure 4-30: Energy Efficiency for type La - 2
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Figure 4-31: Energy Stored for type La- 4

Figure 4-32: Energy Lost for type La- 4
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Figure 4-33: Tan Delta for type La - 4

Figure 4-34: Energy Efficiency for type La- 4
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Table 4-8: Energy Stored Calculation comparison
Capacitor Energy Stored – calculated from
Type
integration area (nJ/cm3), 0.1 Hz,
1V
Al-1
382.3567
La-1
631.83
La-2
418.3890
La-4
485.1870

Energy Stored =
(0.5*C*𝑽𝒃𝒅 2)
(nJ/cm3), 0.1 Hz, 1V
414.944
824.3158
480.6066
679.0345

The energy stored calculations using Eq. 4-8, where 𝑉

is the breakdown

voltage. For the non-leaky capacitors (Al-1, La-1, La-2, La-4) with the capacitance
calculated using Eq. 4-1 are shown in the third column Table 4-8. These are
compared with the energy stored parameter calculated using the integration areas as
in Figure 4-18. The values appear to be quite similar. However, it is to be noted that
the voltage used for both calculations is not the breakdown voltage of the samples.
4.6.2

Energy calculations for the leaky capacitors
The energy parameters for the other (leaky) capacitor types (Al-2, Al-3, Al-

4, Si-1, Si -2, Si-3, Si-4, and La-3) cannot be calculated directly from the measured
hysteresis. They need to be compensated such that the maximum polarization occurs
at the maximum applied voltage. The leakage has to be eliminated before the
integration areas are calculated per Figure 4-18. The compensation for leakage is
discussed in chapter 5.
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CHAPTER 5
LEAKAGE COMPENSATION [104], [105]

5.1

Need for leakage compensation

From the hysteresis curves, we can derive Pmax: polarization at the maximum
applied voltage, Pr (remnant polarization): polarization measured at zero volts while
moving from positive to negative and vice-versa voltage directions and V c (coercive
voltage): voltage at which polarization is zero when switching from negative to positive
and vice versa. The Pmax, Pr and coercive voltage values are vital for the calculation of
energy storage. These parameters are also useful for other ultra-capacitor applications
such as memory. High values of Pr are desired for memory applications as it correlates
with the amount of charge that can be measured during the read operation of the memory
cell. Also, Vc is closely linked with the operating voltage of the storage element [121].
For a loss-free ferroelectric capacitor, the hysteresis loop can be acquired by integration
over the displacement current passing through the capacitor. The energy stored in a
dielectric/ferroelectric capacitor is deduced from its P-E curves. The surface integral of
the P-E loops of samples can be used to estimate the recoverable (stored) electric energy
(U) in any material. The expression used to calculate the energy density is given Eq.
4-10 [117] [118], [119].
In contrast, practical ferroelectric capacitors show a leakage current that
superimposes the displacement current and subsequently affects the shape of the
hysteresis curve. An integration of the monitored current may then result in a nonphysical increase of remnant polarization and coercive field as seen in the hysteresis
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curves for the samples mentioned earlier indicating leakage. This leakage might well be
due to the miniature size of the samples under test originating from contamination of the
edges of the cell capacitor during processing and must be considered during device
characterization [121].
As mentioned in the previous chapter, the hysteresis curves of the alumina
samples with a particle size of 140 nm and reduced before coating, silica samples with
particles size of 140nm, 500nm, all the alumina samples with particle size 500nm and
the Lanthanum samples with 1% La2(OH)3 exhibited rather high coercive fields making
the hysteresis curves look wide. In addition, it was noticed that in the discharge cycle of
the hysteresis test, when the voltage was being reduced from the maximum, the
polarization was seen to be higher than the polarization at the maximum voltage of the
hysteresis cycle. In other words, Pmax (maximum value for the charge) did not occur at
the maximum applied voltages as demonstrated by the curves – before compensation
illustrated in Figure 4-3 to Figure 4-14. This is due to the spurious measurement of
the leakage charge or current. This phenomenon was more pronounced at lower
frequencies when compared to their higher counterparts due to the increased time for
each cycle and prolonged charge measurement. This leakage might also be due to the
miniature size of the samples under test originating from a contamination of the edges
of the cell capacitor during processing [122], [123]. Also, the hysteresis curves in Figure
4-3 to Figure 4-14 are not tapered towards the maximum voltages on either end as in
ideal hysteresis curves because these voltages are not in the vicinity of the breakdown
voltage ranges of the Fe-Ucaps.
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A traditional method to eliminate the leakage current from the hysteresis sample
is by DC stressing the sample for several data points. In 2005, Meyer et al. suggested a
new method to dynamically compensate for leakage current in ferroelectric thin film
capacitor structures without DC stressing the sample [121], [124]. This method was
adapted (the frequency pair range - specified in the original technique were not viable
for the shape and nature of the hysteresis curves of the Fe-Ucap samples) to compensate
the samples for leakage current without DC stressing and to reduce measurement times.
A few practical limitations to this method of dynamic leakage current compensation
(DLCC) were inferred and are discussed later.
5.2

Technique

The key idea of the dynamic leakage current compensation (DLCC) is to utilize
the different frequency dependencies of the dielectric, the ferroelectric and ohmic
contributions to the total current that allows the elimination of the leakage current based
on ac current measurements performed at adjacent frequencies. At any given frequency,
the electrical behavior of the ferroelectric capacitor may be represented by an equivalent
circuit consisting of a parallel association of a passive resistive element and passive
capacitive element in parallel with a time-variant voltage-controlled charge source
serving for the displacement of current in case of ferroelectric switching [121]. The
technique assumes that the leakage source is frequency independent while the current
through the ferroelectric sources is frequency dependent. Subtracting the two hysteresis
currents measured at different frequencies would eliminate the leakage contribution. In
good approximation, it is assumed that the resistive element 𝑅 only dependent on the
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applied voltage, 𝑉

as in Eq. 5-1. A significant frequency dependence f (ω) is not

considered.
) ≠ 𝑓(𝜔)

𝑅 = 𝑓(𝑉

Eq. 5-1

The current, 𝑖 through the resister is given as
𝑖 =

𝑉
≠ 𝑓(𝜔)
𝑅

Eq. 5-2

To indicate voltage dependence, the capacitance is given as
𝐶 = 𝑓(𝑉

)

Eq. 5-3

The current through the capacitive element is calculated as
𝑖 = (𝑗𝜔𝐶)(𝑉

∝ 𝜔)

Eq. 5-4

To estimate the frequency dependence of the current initiated due to the ferroelectric
polarization, it is assumed that by sweeping the external voltage from Vmin at t0 to Vmax
at t1, the spontaneous polarization, Ps will switch completely. Ps is given as

𝑃 =

where 𝑖

1
𝐴

𝑖 𝑑𝜏

Eq. 5-5

is the ferroelectric current caused by the switching of the spontaneous

polarization and A is the area of the capacitor. Since the time window t 0 – t1 scales
inversely proportional to the frequency ω of the voltage source, the switching current,
𝑖 has to increase with frequency to keep Ps as constant. The ferroelectric switching
current is assumed to be related to the frequency as 𝑖 ∝ 𝜔 and the frequency
dependence of the voltage across the capacitor is neglected although in real ferroelectric
thin film capacitors a weak increase of voltage across the capacitor is observed as in
[125], [126]. The total current through the capacitor is given by the sum of the individual
component currents as
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Eq. 5-6

𝑖 = 𝑖 + 𝑖 (𝜔) + 𝑖 (𝜔)
In case of a linear frequency dependence, the equation is written as

Eq. 5-7

𝑖 = 𝑖 + 𝑖 (𝜔) + 𝑖 (𝜔)

The difference between currents obtained from two different frequencies 𝜔 and 𝜔 is
given as ∆𝑖, where 𝜔 > 𝜔 . Since the resistive element is assumed to be frequency
independent, the quantity contains only the capacitive and ferroelectric contributions.
Eq. 5-8

∆𝑖 = (𝜔 − 𝜔 )(𝑖 − 𝑖 )
For 𝜔 = 2𝜔 , ∆𝑖 simplifies to
∆𝑖 = (𝜔 )(𝑖 − 𝑖 ) ≡ 𝜔 𝑖 + 𝜔 𝑖 ≡ 𝑖
Here 𝑖

(𝜔 )

Eq. 5-9

is the current response that can be obtained for a leakage free capacitor at

any frequency 𝜔 . For practical applications, both frequencies should be chosen close
enough to fulfill the assumptions 𝑖 ∝ 𝜔 and Eq. 5-1. Hence for any frequency 𝜔 the
leakage current free current response can be calculated as
𝑖

(𝜔) =

5.3

𝜔
[𝑖(𝜔 ) − 𝑖(𝜔 )]
𝜔 −𝜔

Eq. 5-10

Implementation

This technique would work directly with testers that measure current, unlike the
testers that measure charge like the Precision Premier II that was used in this work.
Hence, this equation was then converted to its charge (polarization) equivalent-equation
3, as the ferroelectric measurements using the Precision Premier II ferroelectric tester
are made in terms of charge (Polarization, P). The advantage of using the Meyer
technique in charge space is that the leakage component adjusted for two test frequencies
may be subtracted from both the fast and the slow measurements to acquire a
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compensated polarization-hysteresis loop for both. The compensated polarization is
written as in Eq. 5-11 which is the modified version of Eq. 5-10 in terms of polarization.
Thus, to compensate for leakage, the hysteresis measurement for a frequency 𝜔
is made. Then a frequency ω1 is picked such that 𝜔 > 𝜔 and the shape of the hysteresis
curve at 𝜔 closely follows that at 𝜔 . Next, a point to point subtraction of the two curves
measured at the two frequencies must be done. To do so, the hysteresis data measured
by the tester was fed into a LS-SVM regression model to get charge (polarization) data
at equally spaced external voltage data points to facilitate point to point subtraction. The
result obtained is then multiplied with the constant [

] following Eq. 5-11 to

achieve the compensating polarization. This is then subtracted from the original
hysteresis charge data at 𝜔 with leakage to get the leakage free hysteresis curve at 𝜔

.

No additional data manipulation was performed.
𝑃(𝜔 )

= 𝑃(𝜔 ) −

𝜔
[𝑃(𝜔 ) − 𝑃(𝜔 )]
𝜔 −𝜔

Eq. 5-11

The compensated hysteresis P(charge)-V(voltage) curves measured for each
sample were then converted into their P(charge)- E(field) equivalents to calculate the
energy stored and energy lost parameters for various frequencies (0.1, 1, 10, 100, 1000
Hz) and at voltages between 1-10V. The energy values are measured by calculating the
areas of integration as illustrated in Figure 4-18 using MATLAB software. The
hysteresis curve consists of two parts; the charging curve, where the voltage is increased
from zero to maximum and the discharging curve, where the voltage is decreased from
maximum to zero. For energy calculations, we are only interested in the positive halves
of the charging and discharging curve cycles. The total area of integration is calculated
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using the Pmax, polarization at maximum voltage; with respect to the x, y-axes. Next, the
area under the discharging and charging P-E curve is calculated as the discharging
integration area and charging integration area. Now the energy stored/recovered for each
cycle is calculated by subtracting the discharging integration area from the total
integration area. The energy lost is calculated similarly by subtracting the charging
integration area from the discharging integration area.

Figure 5-1: Al -3 (particle size 500nm) compensated curve for 1000 Hz

Figure 5-1 to Figure 5-5 show the compensated curves for the capacitor type
Al-3 at the five frequencies using the Meyer et. al technique. The red curve is the
hysteresis with leakage wherein Pmax does not occur at the maximum applied voltage
(more prominent in figures 2-5) indicating leakage. The green curve is the hysteresis
that has been compensated for leakage.
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Figure 5-2: Al-3 (particle size 500nm) compensated curve for 100 Hz
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Figure 5-3: Al -3 (particle size 500nm) compensated curve for 10 Hz

Figure 5-4: Al -3 (particle size 500nm) compensated curve for 1 Hz

Figure 5-5: Al-3 (particle size 500nm) compensated for 0.1 Hz
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In our study, the ratio

had to be taken as 1.18 for good compensation of the

leakage current. There was no negative effect on the compensation due to this choice as
they meet the requirement for time independence, which is one of the assumptions made
in the Meyer technique. It is to be noted that this ratio is well outside the range specified
by Meyer et. al. While testing with the frequency pairs within the range specified by
Meyer et. al, leakage compensation could not be achieved for even intermediate
frequencies such as 1 Hz. Hence, it was concluded that the frequency ratio depends on
the properties of the sample under study. In addition, it should be noted that the shape
of the polarization curves at the two measured frequencies must be the same for the
assumptions to be met. This can be clearly seen in the negative half of the discharging
hysteresis in Figure 5-5 (after compensation curve) as the hysteresis measured at the
two reference frequencies failed to adhere to the assumption of time independency in
that region of the curve.
However, we were not able to achieve full leakage compensation as seen in
Figure 5-5 for the frequency of 0.1Hz (close to DC), where the Pmax does not actually
occur at the maximum applied voltage 10V and also the curves measured at very close
frequencies (<

= 1.18) picked in this range did not exhibit frequency independent

charge characteristics . This was further verified by the variation in the capacitance
calculated using the polarization (Pmax from the compensated curve in Figure 5-5) and
the capacitance calculated from discharge using the leakage compensated DC circuit
mentioned in Error! Reference source not found. - sample capacitor type Al-3. Pmax,
which did not occur at the maximum applied voltage as seen in Figure 5-5 is 0.0179638
µC/cm2. Capacitance calculated using this value is 58.63 nF, which is much greater than
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the capacitance value calculated from capacitor discharge of 22nF, indicating the curve
is not fully compensated.
So, to achieve full compensation for leakage at 0.1 Hz the charge due to leakage
was calculated using Eq. 5-12 where R is the leakage resistance measured by DC
stressing the sample from Error! Reference source not found.. This charge leakage
was then subtracted from the hysteresis curve exhibiting leakage. The capacitance
calculated from the resultant compensated curve was verified to match the value
calculated using discharge curves for DC at 10V
𝑄 =

𝑉
∆𝑡
𝑅

Eq. 5-12

Polarization calculated at maximum applied voltage using DC stressing is 0.06927
µC/cm2. Consequent capacitance is calculated as 22.60 nF which is closer to the
capacitance, 28.36 nF, measured at 10V from the discharge curves as seen in Table 4-7
for capacitor Al-3. In conclusion, the hysteresis curves at 0.1 Hz (that did not work with
the Meyer technique) were compensated by directly subtracting the leakage measured
at DC whereas the curves at the other frequencies were compensated using the modified
Meyer technique for all the capacitors and their respective capacitances without leakage
were calculated.
The compensation for a silica sample, Si-1 has been illustrated in Figure 5-6 to
Figure 5-10. The hysteresis curve at 0.1 Hz is much thinner when compared to the Al3 sample in Figure 5-5. Hence the DLCC technique was able to eliminate the leakage
as in Figure 5-6. The curves at subsequent frequencies (1 Hz, 10 Hz, 100 Hz, and
1000Hz) did not feature significant leakage. Hence the curves before and after
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compensation for frequencies 10 Hz, 100 Hz, and 1000Hz are very close as in Figure
5-8 to Figure 5-10.

Figure 5-6: Si-1 (particle size 140nm) compensated for 0.1 Hz

Figure 5-7: Si-1 (particle size 140nm) compensated for 1 Hz

88

Figure 5-8: Si-1 (particle size 140nm) compensated for 10 Hz

Figure 5-9: Si-1 (particle size 140nm) compensated for 100 Hz
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Figure 5-10: Si-1 (particle size 140nm) compensated for 1000 Hz
It is evident from Figure 5-7, Figure 5-8, Figure 5-9 and Figure 5-10 that the
hysteresis curve did not require any compensation at those frequencies for the sample
type Si-1. Also, the maximum polarization can be seen to occur at the maximum applied
frequencies. Hence, for such hysteresis curve types, the hysteresis curves without
compensation were used for the formulation of the empirical model discussed in chapter
6 t0 avoid any overcompensation. Also, the curve at 0.1Hz was compensated using DC
stressing.
For sample type Al-2, the curve at 0.1Hz was compensated using DC stressing. While
the curves a 1Hz and 10Hz were leakage compensated as seen in Figure 5-11 and
Figure 5-12. The curves at 100Hz and 1000Hz did not require any compensation as in
Figure 5-13 and Figure 5-14.
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For sample type Al-4, the curve for 0.1Hz was compensated using DC stressing.
However, the curves at 1Hz, 10Hz and 100Hz were leakage compensated as in Figure
5-15, Figure 5-16 and Figure 5-17. The curve at 1000Hz, Figure 5-18 did not require
compensation.
For sample type Si-2, the curve as 0.1Hz was compensated using DC stressing. While,
the curves at the curves at 1Hz, 10Hz and 100Hz were leakage compensated as in Figure
5-19, Figure 5-20 and Figure 5-21. It is to be noted that the curve at 1Hz is still not
fully compensated and features marginal leakage. This is one of the limitations of the
DLCC technique that are discussed in the later part of this chapter. Also, DC stressing
cannot be applied to the curve at 1Hz (can be only applied to 0.1 Hz – close to DC). The
curve at 1000Hz did not require compensation as seen in Figure 5-22.
For sample type Si-3, the curve as 0.1Hz was compensated using DC stressing.
The curves at 1Hz and 10Hz were leakage compensated as in Figure 5-23 and Figure
5-24. Whereas, the curves at 100Hz and 1000Hz, Figure 5-25 and Figure 5-26 did not
require compensation.
For sample type Si-4, the curve at 0.1Hz was compensated using DC stressing.
However the curves at 1Hz, 10Hz, 100Hz and 1000Hz did not require any compensation
as seen in Figure 5-27, Figure 5-28, Figure 5-29 and Figure 5-30.
For sample type La-3, the curve at 0.1Hz was compensated using DC stressing
as usual. The curves at 1Hz, 10Hz, and 100Hz were compensated as in Figure 5-31,
Figure 5-32 and Figure 5-33. While the curve at 1000Hz, Figure 5-58 did not require
compensation. The capacitances calculated from the polarization at 0.1Hz for all these
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leaky samples are shown in Table 5-1: Empirical model – Cappacitance for all sample
typesTable 5-1.

Figure 5-11: Al-2 (particle size 140nm) compensated for 1 Hz
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Figure 5-12: Al-2 (particle size 140nm) compensated for 10 Hz

Figure 5-13: Al-2 (particle size 140nm) compensated for 100 Hz
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Figure 5-14: Al-2 (particle size 140nm) compensated for 1000 Hz.

Figure 5-15: Al-4 (particle size 500nm) compensated for 1 Hz
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Figure 5-16: Al-4 (particle size 500nm) compensated for 10 Hz

Figure 5-17: Al-4 (particle size 500nm) compensated for 100 Hz
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Figure 5-18: Al-4 (particle size 500nm) compensated for 1000 Hz

Figure 5-19: Si-2 (particle size 140nm) compensated for 1 Hz
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Figure 5-20: Si-2 (particle size 140nm) compensated for 10 Hz

Figure 5-21: Si-2 (particle size 140nm) compensated for 100 Hz
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Figure 5-22: Si-2 (particle size 140nm) compensated for 1000 Hz

Figure 5-23: Si-3 (particle size 500nm) compensated for 1 Hz
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Figure 5-24: Si-3 (particle size 500nm) compensated for 10 Hz

Figure 5-25: Si-3 (particle size 500nm) compensated for 100 Hz
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Figure 5-26: Si-3 (particle size 500nm) compensated for 1000 Hz

Figure 5-27: Si-4 (particle size 500nm) compensated for 1 Hz
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Figure 5-28: Si-4 (particle size 500nm) compensated for 10 Hz

Figure 5-29: Si-4 (particle size 500nm) compensated for 100 Hz
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Figure 5-30: Si-4 (particle size 500nm) compensated for 1000 Hz

Figure 5-31: La-3 doped sample compensated for 1Hz
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Figure 5-32: La-3 doped sample compensated for 10Hz

Figure 5-33: La-3 doped sample compensated for 100Hz
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Figure 5-34: La-3 doped sample compensated for 1000Hz

5.4

Inferences

The dynamic leakage current compensation mechanism has been demonstrated for
ferroelectric ultracapacitors samples. The effect of leakage in determining the
capacitance of Fe-Ucaps has also been shown. During the process, some practical
limitations have been noted. Some of these limitations correspond with the ones that
have been reported in [121]. We have also demonstrated that for frequencies close to
DC the Meyer technique was not able to achieve full compensation as the curves for
adjacent frequencies failed to be independent of time with respect to leakage charge for
the Fe-Ucaps under study. The compensation was achieved by subtracting the leakage
charge calculated using the leakage measured by DC stressing the samples.
The practical limitations of the dynamic leakage current compensation technique as
verified by the Fe-Ucap data can be summarized as follows:
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-

The calculation of compensation polarization is based on a point-to-point
difference between the curves at two frequencies. Hence, the number of data
points and the applied voltage values and waveform need to be the same for the
hysteresis curves at ω2 and ω1.

-

This method assumes discrete sample points and it cannot be applied to a
continuous analog comparison.

-

The equation will hold only if the ferroelectric current component of the sample
capacitor is constant at ω2 and ω1.

-

The leakage current should have no polarization polarity dependence.

-

The ω2/ω1 ratio effectively depends on the properties of the sample under study.

-

If there is a change in the curve shapes of the measurement at ω2 and ω1, the
assumptions are no longer viable.
5.5

Energy calculations from compensated curves

The new Pmax, corresponding capacitance and coercive voltages are extracted
from the leakage compensated curves for those Fe-Ucaps that exhibited leakage. The
energy parameters: energy lost, energy stored and energy efficiency are calculated for
1-10V (coated/doped samples) and five frequencies (0.1, 1, 10, 100, 100 Hz). Figure
5-35 to Figure 5-40 show the energy parameters for sample types Al-3 and Si-1.
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Figure 5-35: Energy Stored for type Al - 3

Figure 5-36: Energy Lost for type Al - 3
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Figure 5-37: Energy Efficiency for type Al-3

Figure 5-38: Energy Stored for type Si-1
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Figure 5-39: Energy Lost for type Si-1

Figure 5-40: Energy Efficiency for type Si-1

108

5.6

Negative Capacitance

As demonstrated in Figure 5-35 and Figure 5-38 the energy storage density
decreases with the increase in frequency. This was true for all the capacitor samples
under every Fe-Ucap category. Particularly, in samples that demonstrated larger
coercive voltages (wider hysteresis curves) like Al – 3, the energy stored was negative
for 0.1 Hz and near zero for the other measurement frequencies as seen in Figure 5-35.
This essentially translates as the negative capacitance for the Fe-Ucap sample due to the
relation in Eq. 4-8 and can be termed as negative differential capacitance.
The fact of negative differential capacitance has been predicted by the standard
Landau energy density model going back to the early days of ferroelectricity [127],
[128]. However, the direct measurement of this effect has not been reported until 2015
in [129], severely limiting the understanding and the potential of negative capacitance
in electronics. According to Landau’s model, for a ferroelectric material, the capacitance
is negative only in the barrier region – that forms during the phase transition while in
non-equilibrium. This state of negative capacitance is unstable, however [130], [131]
and [132] claim that it is possible to stabilize a ferroelectric material in the negative
differential capacitance state by placing a dielectric capacitor in series with it. Under
this setup, the ferroelectric is said to act as a transformer to boost the input voltage. The
resulting amplification could lower the voltage needed to operate a transistor below the
limit imposed by the Boltzmann distribution of electrons (Boltzmann tyranny) [133],
[134], [135]. Due to this reason, the possibility of a transistor that exploits negative
capacitance to overcome Boltzmann’s tyranny is being explored in recent years.

109

Thus, although there have been a few works mentioning negative capacitance
and its applications, its potential applications need to be studied in much more detail
which could be one of the future researches stemming from the background gathered in
this study of Fe-Ucaps.
5.7

Empirical Model

Once the hysteresis curves exhibiting leakage were compensated using the
technique mentioned in Section 4.2 and DC stressing; the polarization, P-E curve, and
energy storage parameters were extracted and their trend patterns with respect to voltage
and frequency were analyzed. These curves were then estimated using the MATLAB
curve fitting toolbox to predict the values beyond the testing range for an empirical
model. The input parameters are as follows:
-

Coating type

-

Particle size

-

Doping percentage

-

Frequency

-

Voltage
For the above input parameters, the corresponding polarization at maximum

applied voltage (Pmax), coercive voltages, capacitance calculated from Pmax, energy
stored, energy lost, dissipation factor and energy efficiency parameters are identified by
the empirical model from the trend patterns of the empirical data. Figure 5-43 through
Figure 5-49 shows the sample output of an empirical model for parameter estimation
between testing voltages. Figure 5-50 through Figure 5-57 are sample outputs for the
model for voltages outside the testing range. The model with the empirical data was
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submitted as deliverables for the Marshall Space Flight Center Cooperative Agreement
Notice (CAN) 2015: Dual Use Technology Development at NASA.
Figure 5-41 and Figure 5-42 show the MATLAB interface to prompt for the
sample type – variables. Figure 5-41 variables (coating type, processing, and particle
size) are for capacitor type Al-1 where the voltage is 5.5V whereas Figure 5-42 is for
the same sample type at 15V. All the energy parameters are calculated for 1 Hz for this
sample run of the model.

Figure 5-41: MATLAB interface (command window) to prompt for Al-1 capacitor
type parameters at 5.5V

Figure 5-42: MATLAB interface (command window) to prompt for Al-1 capacitor
type parameters at 15 V
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Figure 5-43: Model prediction, Pmax for input voltage that is between actual data
points
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Figure 5-44: Model prediction, +Vc for input voltage between actual data points

Figure 5-45: Model prediction, Capacitance for input voltage between actual data
points
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Figure 5-46:Model prediction, Energy Stored for input voltage between actual data
points

Figure 5-47: Model prediction, Energy Lost for input voltage between actual data
points
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Figure 5-48: Model prediction, Tan Delta for input voltage between actual data
points

Figure 5-49: Model prediction, Efficiency for input voltage that is between actual
data points.
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Figure 5-50: Model prediction, Pmax for input voltage outside the measurement
range

Figure 5-51: Model prediction, +Vc for input voltage outside the
measurement range
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Figure 5-52: Model prediction, -Vc for input voltage outside the measurement range

Figure 5-53: Model prediction, Capacitance for input voltage outside the
measurement range

117

Figure 5-54: Model prediction, Energy Lost for input voltage outside the
measurement range

Figure 5-55: Model prediction, Energy stored for input voltage outside the
measurement range
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Figure 5-56: Model prediction, Efficiency for input voltage outside the
measurement range

Figure 5-57: Model prediction, Tan Delta for input voltage that is outside the
measurement range
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In order to verify the model, the capacitances for all capacitor types calculated
by the model at 10V, 0.1 Hz were tabulated and compared to the capacitances calculated
from the discharge curves at 10V, DC from section 4.4. They were not compared to the
LCR meter readings as the leakage/spurious charge would not be compensated. The
discharge circuitry included the Rleak measured by DC stressing the samples to
compensate for leakage.
Table 5-1: Empirical model – Cappacitance for all sample types
Capacitor Type

Alumina, reduced after
coating, Al-1
Alumina reduced before
coating, Al-2
Silica, reduced after
coating, Si-1
Silica reduced before
coating, Si-2
Alumina, reduced after
coating, Al-3
Alumina reduced before
coating, Al- 4
Silica, reduced after
coating, Si-3
Silica reduced before
coating, Si-4

Model: Capacitance
(nF) at 10V

Capacitance (nF) at 10V,
using compensated
discharge circuitry
Coated, Particle size 140 nm
8.47
10.72
13.44

14.43

32.93

28.09

73.44

70.14

Coated, Particle size 500 nm
22.29

28.36

26.83

32.05

27.25

30.23

47.39

53.62

Doped, Particle size 500nm
1% Lanthanum oxide, La-1
17.67
5% Lanthanum oxide, La-2
10.23
1% Lanthanum hydroxide,
11.2
La-3
5% Lanthanum hydroxide,
13.09
La-4
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14.04
9.56
13.12
15.39

5.8

Need for testing at higher voltages

A normal hysteresis curve is shown in Figure 5-58. The polarization saturates
as the voltage approaches the breakdown voltage of the material. The hysteresis curves
at the maximum test voltage of 10V for all the sample types did not saturate and is
evident in the curves from section 4.2. At low frequencies, the polarization did not occur
at the maximum applied voltage (leaky capacitors). This may have been due to the
measuring voltage being set far less than the breakdown voltage of the material and the
excess charge shows up as spurious charge/leakage at voltages other than the maximum
applied voltages.
The need for the samples to be tested at higher voltages is clear. Higher voltages
could verify model predictions and ensure sample (polarization) saturation. However,
due to the limitations in the test conditions the empirical model was designed to predict
capacitor parameters based on the data learned from the 1-10V range. Figure 5-50 to
Figure 5-57 show the parameters predicted by the model for sample type Al-1

Figure 5-58: Normal hysteresis curve
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CHAPTER 6
PHYSICAL MODEL – EFFECTS OF COATING THICKNESS AND
PARTICLE SIZE

6.1

Connectivity

All ferroelectric materials are piezoelectric due to the lack of symmetry.
Piezoelectric composites are a class of functional materials consisting of piezoelectric
active materials and non-piezoelectric passive polymers, mechanically attached together
to form different connectives [136]. The design of such composites has been pursued
over the years as an attempt to optimize the properties of both phases and combine them
within one material to have improved qualities over the individual constituents. Instead
of single-phase materials many researchers now search for the best combination of
materials and how to process them. While large ferroelectric effects are found in
ceramics, they can be brittle and thin lacking flexibility on the other hand polymers can
have the desired mechanical properties but have weak ferroelectric properties [137].
Thus, for an application; the materials, concentration, and processing of the material is
very crucial.
The properties of a ferroelectric composite are strongly associated with their
connectivity of its component phases. Connectivity is defined as the arrangement of the
active and passive phases of in the composite material [138], [139]. The concept of
connectivity is a convenient way to describe the way the individual phases are self122

connected. This arrangement of phases affects the ferroelectric properties of the
composite material. Various connectivities have been studied, in general, for a di-phase
system, ten different connectivities exist. These include 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3,
2-2, 2-3 and 3-3 as shown in Figure 6-1. Here the first number in the notation represents
the connectivity of the electromechanically active phase and the second number refers
to the connectivity of the passive phase.

Figure 6-1: Ten types of connectivity patterns [140]

The ‘0’ in the connectivity representation means the material in the active phase
is in the form of particles. A ceramic powder randomly dispersed in a polymer matrix is
referred to as one having a 0-3 connectivity [140]. That is the ceramic phase is in the
form of particles and has no interconnectivity throughout the composite, whereas the
polymer possesses interconnectivity in 3 directions (x, y, z directions) as in [140].
Composites that have 1-3 connectivity are those in which the ceramic is in the form of
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a rod or the size of the ceramic particle is very close to the thickness of the device. 3-3
connectivity can be regarded as 0-3 composites with a high concentration of
piezoelectric particles, offering higher piezoelectric activities compared to 0-3
composites [136], [140]. 2-2 connectivity is one which consists of altering layers of the
ceramic and the polymer. This pattern has been used for a wide range of sensor and
transducer applications, including medical imaging, NDT, and underwater acoustic
transducers [141], [142], [143]. Schematics of 2-2, 1-3, 0-3, 3-3 connectivity’s have
been shown in Figure 6-2.

Figure 6-2: Piezoelectric connectivity patterns [136]
To study the influence of these connectivity patterns on the properties of the biphase composite materials some researchers have adopted the unit cell or matrix/series
parallel connectivity pattern [144]. However, the shape of the dispersed particle plays a
very important role in the effective dielectric constant of a conductive dielectric
composite and the deviation of the conductive particle from the spherical form results
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in higher dielectric constants of the composite [145], [146], [147]. The Fe-Ucap samples
studied in this dissertation; both doped and coated have BaTiO 3 spherical particles
dispersed in a lead geranium glass matrix. This distribution can be compared to the 0-3
piezoelectric composite structure where BaTiO3 is the active electromechanical phase
and lead geranium glass matrix is the passive phase.
6.2

Models for 0-3 connectivity

The precise prediction of the effective relative permittivity of a composite material is
very important for the design of materials and substrates to be suited for specific
applications [148]. Several models for 0-3 piezocomposites have been proposed,
following are some of the significant models available in the literature. Newnham et al.
were among the first to do so, they proposed a simple series-parallel model for
connectivity in 1970 [144], [149]. Following are some of the important 0-3 connectivity
models with their assumptions and equation for relative permittivity.
6.2.1

Landauer model
Landauer [150] in 1952 developed an expression for the dielectric permittivity

of a piezocomposite material and claimed it to be valid for large volume fractions of the
piezoelectric spheres (v2) with permittivity ε2 in a continuous medium with permittivity
and volume fraction ε1, v1 respectively. The equation of relative permittivity of the
resulting composite material is given as
𝜗

(𝜀 − 𝜀)
(𝜀 − 𝜀)
+𝜗
= 0
(𝜀 − 2𝜀)
(𝜀 + 2𝜀)
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Eq. 6-1

6.2.2

Kerner model
In 1956, Kerner [151] developed a model for piezocomposites with high volume

fractions like the Landauer model. In this model, the average electric fields are
determined for the case of an isolated dielectric sphere surrounded by the medium. For
high volume fractions of the piezoelectric spheres, the Kerner model does have a better
agreement, although not exact with experimental data than that of Landauer. The
equation for the relative permittivity of the material is given as
𝜀=

(𝜀 𝜗 + 𝜀 𝜗 (𝐸 − 𝐸 )
𝜗 + 𝜗 (𝐸 − 𝐸 )

Eq. 6-2

where E1Z and E2Z are the average electric fields in the continuous matrix and the
spherical piezoelectric material respectively.
6.2.3

Furukawa Model
The first attempt to match a theoretical description of piezoelectric composites

to experimental data was done by Furukawa in 1976 [152], [153]. This model
contemplates an isotropic composite with spherical inclusions of lead zirconium
titanate, PZT. It introduces the concept of local field using a local field coefficient. The
L-coefficients for the different fields (Lσ stress, Lx strain, LE electric field, LD dielectric
displacement) are functions of the volume fraction; 𝜙, the dielectric permittivity, ε, and
the elastic modulus c. The expression for the dielectric constant is
𝜀=

2(1 − 𝜙)𝜀 + (1 + 2𝜙)𝜀
𝜀
(2 + 𝜙)𝜀 + (1 − 𝜙)𝜀

Eq. 6-3

The limitation of this model is the narrow range of applicability. The model
matches the experimental results only for low ceramic loads with volume fraction of
less than 0.3.
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6.2.4

Yamada model
Yamada et al. [154] in 1982 developed a model to describe ellipsoidal

piezoelectric inclusions in a polymer matrix. The microstructure is described by a shape
factor, n used to define the local electric field and, consequently, the dielectric
permittivity is given as

{

  ( m ) 1 

n (m)

}

n ( f ) ( ( f )   ( m ) )
  ( ( m )   ( m ) )(1  ( f )  )

Eq. 6-4

where f, m scripts represent the inclusions and the matrix respectively.
6.2.5

Jayasundere Model
Jayasundere and Smith [155], [156] proposed an analytical expression for

permittivity and dielectric coefficient by considering the composite as piezoelectric
spheres randomly dispersed in a dielectric continuum, and subjects to the condition ε f
>> εm, where f, m scripts represent the inclusions and the matrix respectively. The
electric field interactions between spheres were also considered in this model. Also, the
effect of polarization within each spherical piezoelectric particle was also included. The
average electric fields calculated for the 2 media are substituted into the Kerner equation
to get the expression for the dielectric constant of the composite material and is given
as
3𝜀
3𝜗 (𝜀 − 𝜀 )
1+
𝜀 + 2𝜀
𝜀 + 2𝜀
𝜗 (3𝜀 )
𝜗 +
3𝜗 (𝜀 − 𝜀 )
𝜀 + 2𝜀 1 +
𝜀 + 2𝜀

𝜀 𝜗 +𝜀 𝜗
𝜀=

Eq. 6-5

here 𝜗 , 𝜗 , 𝜀 𝑎𝑛𝑑 𝜀 are the volume fractions and permittivities of the matrix and
spherical inclusions respectively.
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6.2.6

Banno Model
Banno proposed a model [157], [158] in 1994, giving an approach that was

different from the regular series-parallel analysis done in the previous models. The 0-3
composite is represented by a representative volume element that comprises
parallelepiped-like

inclusions

and

the

surrounding

matrix.

The

effective

electromechanical properties in this composite are determined by direct averaging of the
properties in the components. The shape of the inclusions plays a key role but the
interaction between the phases is considered negligible. The final equation for the
dielectric constant is
{𝑎( ) 𝜀 ( ) 𝑑 + (1 − 𝑎)( ) 𝜀 ( ) 𝑑}
𝑑 = 4𝑎
[𝑎( ) 𝜀 + (1 − 𝑎)( ) 𝜀] + (1 − 4𝑎 )( ) 𝑑

Eq. 6-6

where f, m scripts represent the inclusions and the matrix respectively and ‘a’ is
a parameter related to the volume fraction of the filler particles.
6.2.7

Matrix Model
This method was proposed by Levassort et al. [159], [160] in 1997. This model

utilizes a previous model for 2-2 composites developed by Hashimoto and Yamaguchi
[161] in conjunction with the Banno parallelepiped unit cell model. The
electromechanical

coefficients

(elastic

stiffness,

dielectric

permittivity,

and

piezoelectric tensor element) are involved in a 9x9 matrix to which boundary conditions
derived from the connectivity are applied. The dielectric constant is a function of poling
in the given sample.
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6.3

The rationale for adapting the Jayasundere and Smith’s model for the
evaluation of dielectric permittivity in coated Fe- Ucaps
The Fe-Ucaps, whose expression for dielectric constant must be derived, have

BaTiO3 ceramic, coated and doped particles dispersed in a lead geranium glass medium.
These particles occupy 90% of the total active volume of the capacitors. Lead geranium
glass occupies the other 10%. The coating in the alumina samples has a thickness of
10nm whereas the coating thickness in the silica coated samples is 5nm. Also, the
alumina and silica samples have both 140nm and 500nm BatiO3 particle size categories.
The lanthanum doped samples have a BaTiO3 particle size of 500nm. Further, the
permittivity on the surface modified BatiO3 particles in the lanthanum doped samples is
unknown. Hence the Jayasundere method can be adapted only for the coated samples as
the equation of dielectric permittivity is a function of the permittivities of the ceramic
spheres and the polymer matrix.
We see that in all the Fe-Ucap samples the volume fraction of the
ceramic (BatiO3 particles) is much higher than the volume fraction of the glass matrix.
Another important constraint to be noted is that the relative permittivity of the ceramic
(BatiO3: 800-1700) is much higher than that of glass or alumina or silica. Also, it can be
assumed that Fe-Ucap have ‘0-3’ composite material structure as seen in figure 5-2.
Considering the above characteristics of the Fe-Ucaps, Jayasundere and Smiths model
seems to be an apt choice for the expression of the dielectric constant in the Fe-Ucaps
understudy for the following reasons:
-

Spherical particle inclusions.

-

The electric field interactions between spheres were included in the model.
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-

The polarization inside the spherical particles is also considered.

-

The major assumption of the Jayasundere model is that the dielectric permittivity
of the ceramic is much higher than that of the continuous matrix.

-

The final expression is based on Kerner’s equation which has been proved to be
valid for large volume fractions of the ceramic particle inclusions.
The boundary conditions on the Jayasundere and Smith’s model are as shown in

Figure 6-3. Here ϕ1, ε1 and ϕ2, ε2 volume fractions and dielectric permittivities of the
spherical particles and the continuous matrix respectively.

ε

is the permittivity of the

composite material.

Figure 6-3: Illustration for Jayasundere & Smith’s boundary conditions.
1. 𝜙 |

→

= −𝐸∆ Z = 𝐸∆ rcos 𝜃

2. 𝜙 = 𝜙 at r = 𝑎
3. ε

= ε

+ 𝜎 at r = 𝑎;

4. ε

= ε

+ 𝜎 at r = 𝑎;

5. 𝜙 must not have a similarity at r = 0.
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where 𝐸∆ is the average field calculated for the distribution of dipoles in the
continuum with

𝜀 1, and ‘a’ is the radius of the particle. The electric field

inside the

spherical particles is calculated by solving the Laplace equations with mentioned
boundary conditions. The two electric field expressions are substituted into the Kerner
equation to get the final expression for dielectric permittivity.
6.4

Boundary conditions for the proposed model for particles with coating
adapting the Jayasundere boundary conditions

Figure 6-4: Illustration for the new boundary conditions to represent particles with a
coating.
The Jayasundere model considers spherical ceramic particles dispersed in a
polymer matrix resembling 0-3 connectivity pattern. The alumina/ silica coated Fe-Ucap
samples have an additional boundary/coating over the BatiO 3 particle as seen in Figure
6-4. Hence the Jayasundere model must be extended with two additional boundary
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conditions. Here 𝜙 , ε , 𝜙 , ε , 𝜙 , ε are volume fractions and dielectric permittivities
of the spherical particles, alumina/silica coating and the continuous matrix respectively.
Also, ‘a’ and ‘b’ are radii of the BatiO3 particle and the coating respectively.
6.5

Derivation for the permittivity of dielectric ink composite with coated
spherical ceramic particles.
By extending the Jayasundere et al. expression in Eq. 6-5 for the permittivity of

0-3 composite in terms of volume fraction and permittivity of individual components,
let the volume fraction of the individual components be considered as follows:
𝜗 for glass, 𝜗 for Coating and 𝜗 for ferroelectric particle.
Now, the following equations represent the volume of the particle, coating, and glass
components, respectively (V , V and V ):
4
V = π(1 − r )
3

V =

4
π(r − r )
3

V =

4
πr
3

Eq. 6-7

Eq. 6-8

Eq. 6-9

𝜗 = 1 − 𝑟

Eq. 6-10

ϑ = r − r

Eq. 6-11
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Eq. 6-12

𝜗 =𝑟
Average electric fields [155] is given by,
E

(

)

=

1
V

E dV

E

(

)

=

1
V

E dV

The electric field E, [156] is given by,
𝐸 = − 𝜕𝜙 cos 𝜃 +

1 𝑑𝜙
sin 𝜃
𝑟 𝑑𝜃

Eq. 6-13

where 𝜙 is the electrical potential of the material.
Now, setting up new boundary conditions (two extra boundaries due to the coating),
electric potential inside the particle, in coating and glass is expressed by the following
set of equations:
1. 𝜙 |

= −𝐸 cos 𝜃 𝑎𝑡 𝑟 = 1

2. 𝜙 = 𝜙 at r = r
3. ε

|

= ε

|

at r = r ; where ε , ε are permittivities of glass and

coating respectively.
4. 𝜙 = 𝜙 at r = r
5. ε

|

= ε

|

at r = r

where ε is the permittivity of the BaTiO3 particle.
6. 𝜙 must not have a similarity at r = 0.
In case of symmetry about the ‘Z’ axis, the Laplace equation in spherical coordinates is
given as [155] for electric potential.
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𝜙 =

𝐴
+ 𝐵 cos 𝜃
𝑟

𝜙 =

𝐶
+ 𝐷 cos 𝜃
𝑟

𝜙 =

𝐹
+ 𝐺 cos 𝜃
𝑟

where A, B, C, D, F, G are constants and E is the electric field.
Setting up the matrix (A) below to solve for the constants A, B, C, D, F & G, we get
⎡𝑟
⎢1
⎢
1
⎢
⎢
⎢0
⎢
0
⎣

−𝑟
1

0

0

𝑟

0

1

0

0 ⎤
0
0 ⎥ 𝐴
⎡−𝐸 ⎤
⎥ ⎡𝐵 ⎤
0 ⎢ ⎥
⎥ ⎢ 𝐶 ⎥ = ⎢⎢ 0 ⎥⎥
⎥
⎢ 0 ⎥
−𝑟 ⎥ ⎢𝐷 ⎥
⎣𝐺 ⎦
⎣ 0 ⎦
⎥
⎦

The electric field Ef inside the particle spheres using Eq. 6-13 can be written as,

−𝐸 = −𝐺
To include the polarization within the 𝐵𝑎𝑇𝑖𝑂 particles, the polarization in an isolated
particle is given by the definition [162] as shown below,
𝑃 = 𝜀 −𝜀 𝐸

Eq. 6-14

Surface charge distribution is given by,
𝜎 = 𝑃 cos 𝜃

Eq. 6-15

Substituting Eq. 6-15 in Eq. 6-14, we get,
𝜎 = 𝜀 − 𝜀 𝐸 cos 𝜃

Eq. 6-16

Now, by modifying the boundary condition (5) to include polarization we get,
𝜀

𝜕𝜙
𝜕𝜙
= 𝜀
+ 𝜎 𝑎𝑡 𝑟 = 𝑟
𝜕𝑟
𝜕𝑟

Substituting for 𝜙 and 𝜙 in Eq. 6-17, we get
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Eq. 6-17

𝜀

−2𝐴
+ 𝐵 cos 𝜃 = 𝜀 [𝐹] cos 𝜃 + 𝜎
𝑟

Eq. 6-18

−2𝐴 𝜀
𝜎
[𝐹] +
=
𝜀
𝜀 cos 𝜃
𝑟

Eq. 6-19

𝐵−

From matrix equation (A) we derive the value for constant G as shown below,
𝐺=

−9𝐸𝜀 𝜀 𝑟
𝑋

Eq. 6-20

where X is given by, 2ε 𝑟 − 2ε 𝑟 − 2ε 𝑟 + 2ε 𝑟 𝑟 + 2ε ε 𝑟 + ε ε 𝑟 −
ε ε 𝑟 + 2ε ε 𝑟 + 4ε ε 𝑟 + 2ε ε 𝑟 − 2ε ε 𝑟 + 2ε ε 𝑟 + ε ε 𝑟 −
2ε ε 𝑟 𝑟 + ε ε 𝑟 𝑟 − ε ε 𝑟 𝑟
Substituting for G in Eq. 6-20, we get
𝐸 =
From equations Eq. 6-7,

−9𝐸𝜀 𝜀 𝑟
𝑋

Eq. 6-21

Eq. 6-8 and Eq. 6-9, we get
𝑟 = 𝜗 +𝜗

Eq. 6-22

Substituting Eq. 6-22 in Eq. 6-21, we get
𝐸 =

−9𝐸𝜀 𝜀 𝜗 +𝜗
𝑋

Eq. 6-23

We incorporate polarization from Eq. 6-19 with Eq. 6-23 to get the expression shown
below,

where 𝑌 =

(ϑc +ϑf )(

−9 𝜀 + 𝜀 −𝜀 𝐸
𝜎
=
𝜀 cos 𝜃
𝑋

Eq. 6-24

𝜎
= 𝑌𝐸
𝜀 cos 𝜃

Eq. 6-25

)
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Now, rewriting the matrix (A) using boundary conditions (1-6), spherical coordinate
equations for 𝜙 , 𝜙 , 𝜙 and polarization inside the BaTiO3 particle as seen in Eq. 6-25,
we obtain matrix (B) as shown below,

⎡𝑟
⎢1
⎢1
⎢
⎢
⎢0
⎢
0
⎣

−𝑟
1

0

0

𝑟

0

1

0

0 ⎤
0 ⎥ 𝐴
0
⎡𝐵 ⎤
⎡−𝐸 ⎤
⎥
0 ⎢ ⎥
⎥ ⎢ 𝐶 ⎥ = ⎢⎢ 0 ⎥⎥
⎥
⎢ 0 ⎥
−𝑟 ⎥ ⎢⎣𝐷⎥⎦
⎣ 𝑌𝐸 ⎦
𝐺
⎥
⎦

Eq. 6-26

By the definition of an average electric field displacement [162], we have
𝐷=𝜀𝐸

Eq. 6-27

Using mean field theory,

𝐷

= ϑ g Dg + ϑ c D𝑐 + ϑ f D𝑓

Hence,
𝜀

𝐸 =𝜗 𝜀 𝐸 +𝜗 𝜀 𝐸 +𝜗 𝜀 𝐸

Eq. 6-28

where ε , ε , ε are permittivities of glass, coating and BaTiO3 particle; ϑ , ϑ , ϑ are
volume fractions of glass, coating and particle and 𝐸 , 𝐸 , 𝐸 are average electric field
across, glass, coating and particle regions from matrix (B) equations respectively.
We can simplify X using the equations as follows,
2

X = 2𝑟32 ε2𝑐 − 2𝑟32 ε2𝑐 − 2𝑟62 ε2𝑐 + 2𝑟31 𝑟32 ε𝑐 +2ε ε 𝑟 + ε ε 𝑟 − ε ε 𝑟 + 2ε ε 𝑟 +

4ε ε 𝑟 + 2ε ε 𝑟 − 2ε ε 𝑟 +2ε ε 𝑟 + ε ε 𝑟 − 2ε ε 𝑟 𝑟 + ε ε 𝑟 𝑟 −
ε ε 𝑟 𝑟
Let X = 𝑋 + 𝑋 + 𝑋 + 𝑋
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𝑋 = 2ε2𝑐 𝑟32 − 𝑟31 − 𝑟62 + 𝑟31 𝑟32
Using equations Eq. 6-7,

Eq. 6-8 and Eq. 6-9, we solve for 𝑋 ,

𝑋 = 2ε2𝑐 ϑf + ϑc − ϑf − (ϑf + ϑc )2 + ϑf (ϑf + ϑc )
= 2ε2𝑐 ϑc − ϑc 2 − ϑf ϑc
= 2ε2𝑐 ϑc ϑc − ϑc 2 − ϑf ϑc
= 2ε2𝑐 ϑc [1 − (1 − (ϑc + ϑf )]
𝑋 = 2𝑟 ε ε +𝑟 ε ε − ε ε 𝑟 − 2ε ε 𝑟 𝑟
= ε ε [2𝑟 (1 − 𝑟 ) + 𝑟 (1 − 𝑟 )]
= ε ε [2 ϑ ϑ + (ϑ + ϑ )(ϑ )]
=ε ε ϑ 3ϑ +ϑ
𝑋 = −2ε ε 𝑟 +2ε ε 𝑟 + ε ε 𝑟 − ε ε 𝑟 𝑟
= ε ε [𝑟 (−2 − 𝑟 ) + 𝑟 (2 + 𝑟 )]
=ε ε ϑ 2−ϑ −ϑ

+ ϑ +ϑ

2+ϑ +ϑ

=ε ε ϑ 2+ϑ +ϑ
𝑋 = ε ε [2𝑟 + 4𝑟 + 2𝑟 + 𝑟 𝑟 ]
= ε ε [2 ϑ + 4(ϑ + ϑ ) + 2(ϑ + ϑ ) + ϑ (ϑ + ϑ )]
=ε ε 2+ϑ +ϑ

3ϑ + 2ϑ

Now, we add the above expressions to get the final value for X as shown below,
X = 2ε2𝑐 ϑc [1 − (ϑc − ϑf ] + ε𝑓 ε𝑐 ϑg [3ϑf + ϑc ] + ε ε ϑ [2 +
ϑ + ϑ ] + ε ε [2 + ϑ + ϑ ] [3ϑ + 2ϑ ]
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Eq. 6-29

We obtain the value for the electric field E with each BaTiO3 particle by manipulating
the matrix equations,
E = −[𝐺 ]
−{−(𝐸 𝜀 )
=

2𝜀 𝑟 + 𝜀 𝑟 − 𝜀 𝑟 − 2𝜀 𝑟 + 2𝜀 𝑟
+𝜀 𝑟 − 2𝜀 𝑟 𝑟 − 𝜀 𝑟 𝑟
𝑋

− 9𝐸𝜀 𝜀 𝑟 }

Eq. 6-30

Simplifying terms in Eq. 6-30, we get,
= E ε 2ε 𝑟 + ε 𝑟 − ε 𝑟 − 2ε 𝑟 + 2ε 𝑟 + ε 𝑟 − 2ε 𝑟 𝑟 − ε 𝑟 𝑟
=E ε

ε (2𝑟 + 𝑟 − 𝑟 − 𝑟 𝑟 ) + ε (−2𝑟 + 2𝑟
Eq. 6-31
+𝑟 −𝑟 𝑟

Let ‘I’ constitute the terms with coefficients ε from equation Eq. 6-31,
I=ε

2ϑ + (1 − ϑ ) − (1 − ϑ ) − 2ϑ 1 − ϑ

= ε ϑ − (ϑ ) + 2ϑ ϑ
= ε ϑ 1 − ϑ + 2ϑ

= ε ϑ ϑ + ϑ + 2ϑ

= ε ϑ ϑ + 3ϑ
Let ‘II’ constitute the terms with coefficients ε from equation Eq. 6-31,
II = ε (−2𝑟 + 2𝑟 + 𝑟 − 𝑟 𝑟 )
=ε

−2ϑ + 2 ϑ + ϑ

=ε

−2ϑ + 2ϑ + 2ϑ + (ϑ ) + 2ϑ ϑ + ϑ

+ ϑ +ϑ

−ϑ ϑ +ϑ
−ϑ ϑ − ϑ

=ε ϑ 2+ϑ +ϑ
By replacing I and II in Eq. 6-31, we get
𝐸 =

𝐸𝑌𝜀 𝜀 𝜗 𝜗 + 3𝜗

+𝜀 𝜗 2+𝜗 +𝜗
𝑋
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+ 9𝜀 𝜀 𝜗 + 𝜗

Eq. 6-32

To get electric field in the coating region, use matrix equation = - 𝐶
E =−𝐶
−𝐸𝑌ε [2ε 𝑟 − 2ε 𝑟 + 2ε 𝑟 𝑟 + ε 𝑟 𝑟 + 3Eε 𝑟 + [2ε + ε ]
=
𝑋

Eq. 6-33

Let ‘III’ constitute the terms from equation Eq. 6-33 as shown below,
III = -2Yε ε 𝑟 + 2ε Y𝑟 − 2Yε 𝑟 𝑟 − 𝑌ε ε 𝑟 𝑟
= - Yε ε 𝑟 [2 + 𝑟 ] + 2Yε [𝑟 − 𝑟 𝑟 ]

+ 2Yε [𝑟 (1 − 𝑟 )]

= - Yε ε 𝑟 2 + 1 − ϑ

= - Yε ε 𝑟 3 − ϑ

+ 2Yε [ϑ (1 − 1 + ϑ ]

= - Yε ε ϑ 3 − ϑ

+ 2Yε

ϑ ϑ

Let ‘IV’ constitute the terms from equation Eq. 6-33 as shown below,
IV = 3ε 𝑟 2ε + ε
= 3ε ϑ +ϑ

2ε + ε

By replacing III and IV in Eq. 6-33, we obtain
E =

𝐸 3ε ϑ +ϑ

2ε + ε

− Yε ε ϑ 3 − ϑ
𝑋

+ 2Yε

ϑ ϑ

Eq. 6-34

Electric field E in the glass region is defined by the expression below,
E =−𝐴

=

2ε 𝑟 − 2ε 𝑟 + 2ε ε 𝑟
−3𝐸𝑌ε 𝑟 𝑟 + 𝐸 +2ε ε 𝑟 + ε ε 𝑟 + 2ε ε 𝑟 + 4ε ε 𝑟
−2ε ε 𝑟

Eq. 6-35

𝑋

Simplifying Eq. 6-35, we get the following expressions,
𝛆𝒇 𝛆𝒈 : −2ε ε 𝑟 + 2ε ε 𝑟 = 2ε ε [−𝑟 + 𝑟 ] = 2ε ε [−ϑ + ϑ + ϑ ] = 2ε ε ϑ
139

𝛆𝒄 𝛆𝒈 : ε ε [2𝑟 + 4𝑟 ] = 2ε ε [ϑ + 2ϑ + 2ϑ ] = 2ε ε [3ϑ + 2ϑ ]
𝛆𝒄 𝛆𝒇 : ε ε [2𝑟 + 𝑟 ] = ε ε [2ϑ + ϑ + ϑ ] = ε ε [3ϑ + ϑ ]
[−3𝑌ε 𝑟 𝑟 + 2ε 𝑟 - 2ε 𝑟 ]: 2ε [−1.5𝑟 𝑟 𝑌 + 𝑟 − 𝑟 ]
= 2ε [−1.5ϑ ϑ + ϑ 𝑌 + ϑ + ϑ − ϑ ]
= 2ε [−1.5ϑ ϑ + ϑ 𝑌 + ϑ ]
Substituting the above expressions in Eq. 6-35, we get
𝐸
E =

2ε

−1.5ϑ ϑ + ϑ 𝑌 + ϑ

+2ε ε ϑ + 2ε ε 3ϑ + 2ϑ
𝑋

+ ε ε [3ϑ + ϑ ]

Eq. 6-36

Plugging equations Eq. 6-32, Eq. 6-34 and Eq. 6-36 in Eq. 6-28 to find the
permittivity of the compound material, we get
𝐸ε

= 𝐸{

𝐴+𝐵+𝐶
}
𝑋

Eq. 6-37

where,
A = {Yε ϑ (3ϑ + ϑ ) + ε ϑ (2 + ϑ + ϑ ) + 9ε ε (ϑ + ϑ )} ε ϑ for BaTiO3
particle;

B = {3ε (ϑ + ϑ )(2ε + ε ) - ε ε 𝑌ϑ 3 − ϑ

+ 2𝑌ε (ϑ + ϑ )} ϑ ε for Coating;

C = {2ε (-1.5ϑ (ϑ + ϑ )Y+ϑ ) + 2ε ε ϑ + ε ε (3ϑ + 2ϑ ) + ε ε (3ϑ +
ϑ )} ϑ ε for Glass
where,

ε , ε , ε represent the permittivities of particle, coating, and glass respectively.
ϑ , ϑ , ϑ represent the volume fractions of particle, coating, and glass respectively.
Let 𝑌 =
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Substituting the values of A, B and C in Eq. 6-37, we get,

X = 2ε ϑ 1 − ϑ + ϑ + ε ε ϑ 3ϑ + ϑ
+ ε ε ϑ 2 + ϑ + ϑ + ε ε 2 + ϑ + ϑ 3ϑ + 2ϑ

Eq. 6-38

Thus, equation Eq. 6-37 gives the compound permittivity of the 0-3 composite
in terms of the individual permittivities and volume fractions of the particle, coating,
and glass.
The individual volume fractions; ϑ – barium titanate, ϑ – coating, ϑ – glass were
calculated using the following data as shown in Table 6-1.
Particle volume: 90%
Glass:10%
Alumina coating thickness: 10nm
Silica coating thickness: 5nm

Table 6-1: Volume fractions of particle, coating, and glass
Capacitor Type

ϑ

ϑ

ϑ

Alumina 140 nm

0.6029

0.2971

0.1

Alumina 500 nm

0.7856

0.0999

0.1

Silica 140 nm

0.7362

0.1682

0.1

Silica 500 nm

0.8328

0.0510

0.1

The permittivity of the individual materials, ε – BatiO3, ε - coating and ε are
as follows:
ε

=

1700
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ε (alumina)= 10
ε (silica) = 4
ε = 10
The individual volume fractions and permittivity were introduced in Eq. 6-37
for the various types of ultracapacitors as shown in Table 6-1. The calculated
permittivity is compared with the permittivity calculated using the measured data for the
same ultracapacitor type (reduced before coating). The values of the permittivity
calculated by the model closely align with that of the measured data as seen in Table
6-2.
Table 6-2: Model Verification
Permittivity calculated from
Permittivity calculated using the
measured capacitance using LCR
compound permittivity equation in
meter
the model
Alumina 140 nm
88.7560
85.93
Alumina 500 nm
202.0869
202.11
Silica 140 nm
90.7283
81.57
Silica 500 nm
182
193.88
6.6

Variation of compound permittivity with volume fraction

The individual volume fractions of barium titanate, coating and glass were varied in Eq.
6-37 to deduce the corresponding effects on the compound permittivity of the
ultracapacitors.
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Figure 6-5: Variation of 𝜀 w.r.to ε / ε

:

Alumina 140 nm

Figure 6-6: Variation of 𝜀 w.r.to ε / ε : Alumina 500 nm
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Figure 6-7: Variation of 𝜀 w.r.to ε / ε : Silica 140 nm

Figure 6-8: Variation of 𝜀 w.r.to ε / ε : Silica 500 nm
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Figure 6-5, Figure 6-6, Figure 6-7 and Figure 6-8 show the variation of the
compound permittivity along the y-axis with respect to the ratio ε / ε along the y- axis.
The compound permittivity increases with the increase in the permittivity of the coating.
Hence coating with alumina which has a higher permittivity, ε = 10 than silica, ε = 4
will contribute to a higher value of compound permittivity which will in turn increase
the capacitance of the ultracapacitors. However, we do not see this effect of coating in
the given ultracapacitor sample set as the coating thickness in the alumina samples is
different than that of the silica samples which leads to different volume fractions of the
coating. The dependence of compound permittivity on the volume fraction of the
individual materials is discussed later.

Figure 6-9: Variation of 𝜀 w.r.to ε / ε : Alumina 140 nm
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Figure 6-10: Variation of 𝜀 w.r.to ε / ε : Alumina 500 nm

Figure 6-11: Variation of 𝜀 w.r.to ε / ε : Silica 140 nm
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Figure 6-12: Variation of 𝜀 w.r.to ε / ε : Silica 500 nm

Figure 6-9, Figure 6-10, Figure 6-11 and Figure 6-12 show the variation of
compound permittivity with the ratio ε / ε . The compound permittivity increases with
the increase in permittivity of the base material irrespective of the volume fraction of
the particle and coating type. The base material in the test samples is glass, ε = 10.
Hence it would be worth while to replace glass with a material with a higher permittivity
with the same volume fraction to achieve a higher value of capacitance for the
ultracapacitor samples.
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Figure 6-13: Variation of 𝜀 w.r.to volume fraction of Alumina coating

Figure 6-14: Variation of 𝜀 w.r.to volume fraction of particle with Alumina coating
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Figure 6-15: Variation of 𝜀 w.r.to volume fraction of Silica coating

Figure 6-16: Variation of 𝜀 w.r.to volume fraction of particle with Silica coating
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Figure 6-13, Figure 6-14, Figure 6-15 and Figure 6-16 show the dependency
of the individual volume fractions vf and vc. The volume fraction of glass was kept
constant (at 0.1- 10%). As shown in Figure 6-13, the compound permittivity decreases
with the increase in the volume fraction of the coating i.e. coating thickness. Hence it is
ideal to keep the coating thickness to the minimum value possible. This can also be used
to explain why we do not see an increase in the capacitance with alumina than that of
silica with the same particle size but higher coating thickness. Although the higher
permittivity of alumina should contribute to a higher capacitance as discussed earlier,
this is not the case as the coating thickness in the alumina samples is thicker than that of
the silica samples leading to lower values of capacitance in those ultracapacitors. Hence
the capacitors with the same particle size with different coating materials appear to have
relatively the same capacitance in the ultracapacitor sample set.
Figure 6-14 and Figure 6-16 indicate the increase in compound permittivity
with the increase in volume fraction of the ferroelectric material i.e. particle size of
barium titanate. This explains why we see a higher compound permittivity value in the
500 nm ultracapacitors when compared to the 140 nm counterparts with the same
coating. Hence with this analysis and the given input parameters, a 500 nm sample with
alumina coating with minimum coating thickness would record the highest capacitance
value.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1

Conclusions

The conclusions derived from this dissertation towards the improved design and
processing of the Fe-Ucaps for energy storage are summarized as follows:
1. Hysteresis, Leakage and Discharge Characteristics: Coercive voltages (thickness
of the hysteresis curves) decreased with the increase in frequency. The samples
which were reduced before coating exhibited higher coercive voltages when
compared to the counterparts which underwent reduction after coating. This is
synonymous with the fact that the measured leakage resistances of the samples
which were reduced after coating are higher than those that were reduced before
coating. Prominent leakage was not observed in the lanthanum doped samples
except for the La-3 type. Also, the hysteresis curves for all types did not saturate
(no tapering at maximum applied voltage) indicating that the breakdown voltage
of the capacitors must be much higher than the maximum testing voltage of 10V.
Leakage also decreased with the increase in frequency. The capacitance
calculation from the tester measurements that were made at 1 kHz was verified
by the LCR meter readings at the same frequency, as the samples demonstrated

4

minimum leakage at 1 kHz. However, hysteresis curves at lower frequencies
indicated leakage. These curves had to be compensated before performing the
energy storage calculations. Thus, it can be concluded that these Fe-Ucaps
samples have the best energy stored integration area of the hysteresis curves at
1 kHz thereby exhibiting the highest energy storage values with minimal loss.
2. Leakage Compensation: The Meyer (DLCC) technique was adapted for the
compensation of hysteresis curves which exhibited leakage. The limitations of
the technique with respect to samples under study were realized. The adapted
technique was directly employable for the curves at testing frequencies of 1000
Hz, 100 Hz, and 10 Hz; However, for 0.1 Hz (close to DC) the leakage had to
be eliminated through the process of DC stressing and subtraction of charge with
the inclusion of leakage resistance. Hence, the DLCC can be only applied to
hysteresis curves that are very close in frequencies and identical hysteresis shape
for the Fe-Ucap curves.
3. Energy Storage: The calculations can be done directly from the hysteresis curve
integration areas for capacitors, which did not exhibit leakage. For the leaky
samples, leakage compensation was performed to eliminate leakage before the
energy calculations. For samples such as Al-3, the energy storage at 0.1 Hz was
near zero or negative translating to the phenomenon of negative capacitance.
4. Physical Model: The rationale for adapting Jayasundere and Smith’s model for
the evaluation of dielectric permittivity in coated Fe-Ucaps due to the major
assumption of 0-3 connectivity in the dielectric ink was verified through
calculations. The compound permittivity increases with the increase in the
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permittivity of the coating. Hence, coating with alumina which has a higher
permittivity, ε = 10 than silica, ε = 4 will contribute to a higher value of
compound permittivity which will in turn increase the capacitance of the
ultracapacitors. The compound permittivity increases with the increase in
permittivity of the base material irrespective of the volume fraction of the
particle and coating type. The base material in the test samples is glass, ε = 10.
Therefore, it would be worthwhile to replace glass with a material with a higher
permittivity with the same volume fraction to achieve a higher value of
capacitance for the ultracapacitor samples. With respect to the volume fraction
(coating thickness and particle size); the compound permittivity decreases with
the increase in the volume fraction of the coating. It is ideal to keep the coating
thickness to the minimum value possible. In addition, the model shows that there
is an increase in compound permittivity with the increase in volume fraction of
the ferroelectric material. This explains why we see a higher compound
permittivity value in the 500 nm ultracapacitors when compared to the 140 nm
counterparts with the same coating. Hence, with this analysis and the given input
parameters a 500 nm sample with alumina coating with minimum coating
thickness would record the highest capacitance value.
7.2

Future Work

Based on the observations from this dissertation, possible work in the future may
include:
1. Increasing the number of samples under each category of Fe-Ucap.
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2. Studying samples of same coating thickness for Al and Si and comparing the
results against the physical model.
3. Experimenting with other materials for coating such as zirconia and medium
such as lead borate glasses to observe the change in compound permittivity with
respect to the individual permittivities.
4. Studying the sample dielectric under Scanning Electron Microscopy (SEM) /
Transmission Electron Microscopy (TEM) to analyze the distribution of
particles to include details for boundary conditions to fine tune the physical
model.
5. Exploring the effect of negative capacitance to be used in other electronic
applications.
6. Extending the work reported in this dissertation to study the effects of
temperature and humidity on the Fe-Ucaps.
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APPENDIX A
MATLAB CODES

A.1

Empirical Model

frequency=input('Enter the required time period in ms');
x=input('Enter the required voltage');
coating=input('Enter the coating material (i.e: 1 -->Alumina ; 2 --> Silica ; 3 -->
Lanthanum oxide ; 4 --> Lanthanum hydroxide )');
if coating == 1 ||coating == 2
processing = input ('Enter the processing (i.e: 1 -->preprocessing ; 2 --> postprocessing
)');
particlesize=input('Enter the particle size (i.e: 1 ---> 140 ; 2 --> 500)');
vol=1:1:10;
if processing==2 && coating ==1 && particlesize==1
load('Al_1var.mat')
end
if processing==1 && coating ==1 && particlesize==1
load('Al_3var.mat');
end
if processing==1 && coating ==2 && particlesize==1
load('Si_3var.mat');
end
if processing==2 && coating==1 && particlesize==2
load('Al_5var.mat');
end
if processing==2 && coating==2 && particlesize==2
load('Si_5var.mat');
end
if processing==1 && coating==1 && particlesize==2
load('Al_7var.mat');
end
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if processing==1 && coating==2 && particlesize==2
load('Si_7var.mat');
end
if processing==2 && coating ==2 && particlesize==1
load('Si_1var.mat')
end
else
percentage= input('Enter the doping percentage');
end

if coating ==3
if percentage == 1
load('La_2var.mat')
else
load('La_5var.mat')
end
end
if coating == 4
if percentage == 1
load('La_9var.mat')
else
load('La_13var.mat')
end
end

switch frequency
case 10000
y_pmax = coeff_pmax_10000(1,1).*x+ coeff_pmax_10000(1,2);
y_poscoercive = coeff_poscoercive_10000(1,1).*x+ coeff_poscoercive_10000(1,2);
y_negcoercive = coeff_negcoercive_10000(1,1).*x+ coeff_negcoercive_10000(1,2);
y_Cpol = coeff_Cpol_10000(1,1).*x^3 + coeff_Cpol_10000(1,2).*x^2+
coeff_Cpol_10000(1,3).*x+ coeff_Cpol_10000(1,4);
y_energy_lost = coeff_energy_lost_10000(1,1).*x^3 +
coeff_energy_lost_10000(1,2).*x^2+ coeff_energy_lost_10000(1,3).*x+
coeff_energy_lost_10000(1,4);
y_energy_stored = coeff_energy_stored_10000(1,1).*x^3 +
coeff_energy_stored_10000(1,2).*x^2+ coeff_energy_stored_10000(1,3).*x+
coeff_energy_stored_10000(1,4);
y_tandelta=coeff_tandelta_10000(1,1).*x^2+coeff_tandelta_10000(1,2).*x+coeff_tandelta_100
00(1,3);
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y_esr=coeff_esr_10000(1,1).*x^2+coeff_esr_10000(1,2).*x+coeff_esr_10000(1,3);
y_eff=coeff_EFF_10000(1,1).*x^3 + coeff_EFF_10000(1,2).*x^2+
coeff_EFF_10000(1,3).*x+ coeff_EFF_10000(1,4);

figure(1)
hold on
plot( vol,pmax_10000,'o')
plot(x,y_pmax,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Polarization (muC/cm^2)')
title ('P max')
hold off
figure(2)
hold on
plot( vol,poscoercive_10000,'o')
plot(x,y_poscoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Positive Coercive Voltage (V)')
title ('Positive Coercive Voltage')
hold off
figure(3)
hold on
plot( vol,negcoercive_10000,'o')
plot(x,y_negcoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Negative Coercive Voltage (V)')
title ('Negative Coercive Voltage')
hold off
figure(4)
hold on
plot( vol,c_pol_10000,'o')
plot(x,y_Cpol,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Capacitance (nF)')
title ('Capacitance')
hold off
figure(5)
hold on
plot( vol,energy_stored_10000,'o')
plot(x,y_energy_stored,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Stored (mJ/cm^2)')
title ('Energy Stored')
hold off
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figure(6)
hold on
plot( vol,energy_lost_10000,'o')
plot(x,y_energy_lost,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Lost (mJ/cm^2)')
title ('Energy Lost')
hold off
figure(7)
hold on
plot( vol,tandelta_10000,'o')
plot(x,y_tandelta,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Tandelta')
title ('Tandelta')
hold off
figure(8)
hold on
plot( vol,eff_10000,'o')
plot(x,y_eff,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Efficiency, \eta')
title ('Energy Efficiency, \eta')
hold off

case 1000
y_pmax = coeff_pmax_1000(1,1).*x+ coeff_pmax_1000(1,2);
y_poscoercive = coeff_poscoercive_1000(1,1).*x+ coeff_poscoercive_1000(1,2);
y_negcoercive = coeff_negcoercive_1000(1,1).*x+ coeff_negcoercive_1000(1,2);
y_Cpol = coeff_Cpol_1000(1,1).*x.^3 + coeff_Cpol_1000(1,2).*x.^2+
coeff_Cpol_1000(1,3).*x+ coeff_Cpol_1000(1,4);
y_energy_lost = coeff_energy_lost_1000(1,1).*x^3 +
coeff_energy_lost_1000(1,2).*x^2+ coeff_energy_lost_1000(1,3).*x+
coeff_energy_lost_1000(1,4);
y_energy_stored = coeff_energy_stored_1000(1,1).*x^3 +
coeff_energy_stored_1000(1,2).*x^2+ coeff_energy_stored_1000(1,3).*x+
coeff_energy_stored_1000(1,4);
y_tandelta=coeff_tandelta_1000(1,1).*x^2+coeff_tandelta_1000(1,2).*x+coeff_tandelta_1000(
1,3);
y_eff = coeff_EFF_1000(1,1).*x^3 + coeff_EFF_1000(1,2).*x^2+
coeff_EFF_1000(1,3).*x+ coeff_EFF_1000(1,4);
figure(1)
hold on
plot( vol,pmax_1000,'o')
plot(x,y_pmax,'x')
legend('data','model')
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xlabel('Voltage (V)')
ylabel('Polarization (muC/cm^2)')
title ('P max')
hold off
figure(2)
hold on
plot( vol,poscoercive_1000,'o')
plot(x,y_poscoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Positive Coercive Voltage (V)')
title ('Positive Coercive Voltage')
hold off
figure(3)
hold on
plot( vol,negcoercive_1000,'o')
plot(x,y_negcoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Negative Coercive Voltage (V)')
title ('Negative Coercive Voltage')
hold off
figure(4)
hold on
plot( vol,c_pol_1000,'o')
plot(x,y_Cpol,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Capacitance (nF)')
title ('Capacitance')
hold off
figure(5)
hold on
plot( vol,energy_stored_1000,'o')
plot(x,y_energy_stored,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Stored (mJ/cm^2)')
title ('Energy Stored')
hold off
figure(6)
hold on
plot( vol,energy_lost_1000,'o')
plot(x,y_energy_lost,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Lost (mJ/cm^2)')
title ('Energy Lost')
hold off
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figure(7)
hold on
plot( vol,tandelta_1000,'o')
plot(x,y_tandelta,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Tandelta')
title ('Tandelta')
hold off

figure(8)
hold on
plot( vol,eff_1000,'o')
plot(x,y_eff,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Efficiency, \eta')
title ('Energy Efficiency, \eta')
hold off

case 100
y_pmax = coeff_pmax_100(1,1).*x+ coeff_pmax_100(1,2);
y_poscoercive = coeff_poscoercive_100(1,1).*x+ coeff_poscoercive_100(1,2);
y_negcoercive = coeff_negcoercive_100(1,1).*x+ coeff_negcoercive_100(1,2);
y_Cpol = coeff_Cpol_100(1,1).*x^3 + coeff_Cpol_100(1,2).*x^2+
coeff_Cpol_100(1,3).*x+ coeff_Cpol_100(1,4);
y_energy_lost = coeff_energy_lost_100(1,1).*x^3 +
coeff_energy_lost_100(1,2).*x^2+ coeff_energy_lost_100(1,3).*x+
coeff_energy_lost_100(1,4);
y_energy_stored = coeff_energy_stored_100(1,1).*x^3 +
coeff_energy_stored_100(1,2).*x^2+ coeff_energy_stored_100(1,3).*x+
coeff_energy_stored_100(1,4);
y_tandelta=coeff_tandelta_100(1,1).*x^2+coeff_tandelta_100(1,2).*x+coeff_tandelta_100(1,3
);
%
y_esr=coeff_esr_100(1,1).*x^2+coeff_esr_100(1,2).*x+coeff_esr_100(1,3);
y_eff = coeff_EFF_100(1,1).*x^3 + coeff_EFF_100(1,2).*x^2+ coeff_EFF_100(1,3).*x+
coeff_EFF_100(1,4);

figure(1)
hold on
plot( vol,pmax_100,'o')
plot(x,y_pmax,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Polarization (muC/cm^2)')
title ('P max')
hold off
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figure(2)
hold on
plot( vol,poscoercive_100,'o')
plot(x,y_poscoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Positive Coercive Voltage (V)')
title ('Positive Coercive Voltage')
hold off
figure(3)
hold on
plot( vol,negcoercive_100,'o')
plot(x,y_negcoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Negative Coercive Voltage (V)')
title ('Negative Coercive Voltage')
hold off
figure(4)
hold on
plot( vol,c_pol_100,'o')
plot(x,y_Cpol,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Capacitance (nF)')
title ('Capacitance')
hold off

figure(5)
hold on
plot( vol,energy_stored_100,'o')
plot(x,y_energy_stored,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Stored (mJ/cm^2)')
title ('Energy Stored')
hold off
figure(6)
hold on
plot( vol,energy_lost_100,'o')
plot(x,y_energy_lost,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Lost (mJ/cm^2)')
title ('Energy Lost')
hold off
figure(7)
hold on
plot( vol,tandelta_100,'o')
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plot(x,y_tandelta,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Tandelta')
title ('Tandelta')
hold off

figure(8)
hold on
plot( vol,eff_100,'o')
plot(x,y_eff,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Efficiency, \eta')
title ('Energy Efficiency, \eta')
hold off
case 1
y_pmax = coeff_pmax_1(1,1).*x+ coeff_pmax_1(1,2);
y_poscoercive = coeff_poscoercive_1(1,1).*x+ coeff_poscoercive_1(1,2);
y_negcoercive = coeff_negcoercive_1(1,1).*x+ coeff_negcoercive_1(1,2);
y_Cpol = coeff_Cpol_1(1,1).*x^3 + coeff_Cpol_1(1,2).*x^2+ coeff_Cpol_1(1,3).*x+
coeff_Cpol_1(1,4);
y_energy_lost = coeff_energy_lost_1(1,1).*x^3 + coeff_energy_lost_1(1,2).*x^2+
coeff_energy_lost_1(1,3).*x+ coeff_energy_lost_1(1,4);
y_energy_stored = coeff_energy_stored_1(1,1).*x^3 +
coeff_energy_stored_1(1,2).*x^2+ coeff_energy_stored_1(1,3).*x+
coeff_energy_stored_1(1,4);
y_tandelta=coeff_tandelta_1(1,1).*x^2+coeff_tandelta_1(1,2).*x+coeff_tandelta_1(1,3);
y_eff = coeff_EFF_1(1,1).*x^3 + coeff_EFF_1(1,2).*x^2+ coeff_EFF_1(1,3).*x+
coeff_EFF_1(1,4);

figure(1)
hold on
plot( vol,pmax_1,'o')
plot(x,y_pmax,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Polarization (muC/cm^2)')
title ('P max')
hold off
figure(2)
hold on
plot( vol,poscoercive_1,'o')
plot(x,y_poscoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Positive Coercive Voltage (V)')
title ('Positive Coercive Voltage')
hold off
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figure(3)
hold on
plot( vol,negcoercive_1,'o')
plot(x,y_negcoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Negative Coercive Voltage (V)')
title ('Negative Coercive Voltage')
hold off
figure(4)
hold on
plot( vol,c_pol_1,'o')
plot(x,y_Cpol,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Capacitance (nF)')
title ('Capacitance')
hold off

figure(5)
hold on
plot( vol,energy_stored_1,'o')
plot(x,y_energy_stored,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Stored (mJ/cm^2)')
title ('Energy Stored')
hold off
figure(6)
hold on
plot( vol,energy_lost_1,'o')
plot(x,y_energy_lost,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Lost (mJ/cm^2)')
title ('Energy Lost')
hold off
figure(7)
hold on
plot( vol,tandelta_1,'o')
plot(x,y_tandelta,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Tandelta')
title ('Tandelta')
hold off
figure(8)
hold on
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plot( vol,eff_1,'o')
plot(x,y_eff,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Efficiency, \eta')
title ('Energy Efficiency, \eta')
hold off

case 10
y_pmax = coeff_pmax_10(1,1).*x+ coeff_pmax_10(1,2);
y_poscoercive = coeff_poscoercive_10(1,1).*x+ coeff_poscoercive_10(1,2);
y_negcoercive = coeff_negcoercive_10(1,1).*x+ coeff_negcoercive_10(1,2);
y_Cpol = coeff_Cpol_10(1,1).*x^3 + coeff_Cpol_10(1,2).*x^2+
coeff_Cpol_10(1,3).*x+ coeff_Cpol_10(1,4);
y_energy_lost = coeff_energy_lost_10(1,1).*x^3 + coeff_energy_lost_10(1,2).*x^2+
coeff_energy_lost_10(1,3).*x+ coeff_energy_lost_10(1,4);
y_energy_stored = coeff_energy_stored_10(1,1).*x^3 +
coeff_energy_stored_10(1,2).*x^2+ coeff_energy_stored_10(1,3).*x+
coeff_energy_stored_10(1,4);
y_tandelta=coeff_tandelta_10(1,1).*x^2+coeff_tandelta_10(1,2).*x+coeff_tandelta_10(1,3);
y_eff = coeff_EFF_10(1,1).*x^3 + coeff_EFF_10(1,2).*x^2+ coeff_EFF_10(1,3).*x+
coeff_EFF_10(1,4);
figure(1)
hold on
plot( vol,pmax_10,'o')
plot(x,y_pmax,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Polarization (muC/cm^2)')
title ('P max')
hold off
figure(2)
hold on
plot( vol,poscoercive_10,'o')
plot(x,y_poscoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Positive Coercive Voltage (V)')
title ('Positive Coercive Voltage')
hold off
figure(3)
hold on
plot( vol,negcoercive_10,'o')
plot(x,y_negcoercive,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Negative Coercive Voltage (V)')
title ('Negative Coercive Voltage')
hold off
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figure(4)
hold on
plot( vol,c_pol_10,'o')
plot(x,y_Cpol,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Capacitance (nF)')
title ('Capacitance')
hold off
figure(5)
hold on
plot( vol,energy_stored_10,'o')
plot(x,y_energy_stored,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Stored (mJ/cm^2)')
title ('Energy Stored')
hold off
figure(6)
hold on
plot( vol,energy_lost_10,'o')
plot(x,y_energy_lost,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Lost (mJ/cm^2)')
title ('Energy Lost')
hold off
figure(7)
hold on
plot( vol,tandelta_10,'o')
plot(x,y_tandelta,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Tandelta')
title ('Tandelta')
hold off
figure(8)
hold on
plot( vol,eff_10,'o')
plot(x,y_eff,'x')
legend('data','model')
xlabel('Voltage (V)')
ylabel('Energy Efficiency, \eta')
title ('Energy Efficiency, \eta')
hold off

end
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A.2
A.2.1

Section 6.5 – Derivation of permittivity

Matrix A

% Matrix A
eg=sym('eg');
ef=sym('ef');
ec=sym('ec');
r1=sym('r1');
r2=sym('r2');
E=sym('E');
P= [r2
1
1
0
0

1/(r2)^2
1
-2/(r2)^3
0
0

-r2
-1/(r2)^2
0;
0
0
0;
-ec/eg (2*ec)/(eg*(r2)^3) 0;
r1
1/(r1)^2
-r1;
1
-2/(r1)^3
-ef/ec;];

Q= [0; -E; 0; 0; 0;];
result = inv(P)*Q;

Published with MATLAB® R2017b
result =

>>

4

A.2.2

Matrix B

% Matrix B
eg=sym('eg');
ef=sym('ef');
ec=sym('ec');
r1=sym('r1');
r2=sym('r2');
E=sym('E');
Y=sym('Y');
P= [r2
1
1
0
0

1/(r2)^2
1
-2/(r2)^3
0
0

-r2
-1/(r2)^2
0;
0
0
0;
-ec/eg (2*ec)/(eg*(r2)^3) 0;
r1
1/(r1)^2
-r1;
1
-2/(r1)^3
-ef/ec;];

Q= [0; -E; 0; 0; Y*E;];
result = inv(P)*Q;

Published with MATLAB® R2017b
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result=

>>
168

A.3

Permittivity equation

%Code to compute the dielectric contant using ph.model
Em=input('Enter the value of Em');
Ei=input('Enter the value of Ei');
Ec=input('Enter the value Ec');
Phi_m=input('Enter the value of Phi_m');
Phi_i= input('Enter the value of Phi_i');
Phi_c=input('Enter the value Phi_c');
R= (2*Ei^2*Phi_i*Phi_m)+(Ei*Ec*Phi_m)*(3*Phi_c+Phi_i)+ (Em*Ec*Phi_i)*(2+Phi_i+Phi_c)+
(Em*Ei)*(2+Phi_i+Phi_c)*(3*Phi_c+2*Phi_i);
q= (9*Em*(Ec-Em)*(Phi_c+Phi_i))/R;

Cm_part1= 2*Ei^2*(Phi_i-1.5*(Phi_c)*q*(Phi_i+Phi_c));
Cm_part2= Ei*Ec*((3*Phi_c)+Phi_i);
Cm_part3= 2*Em*Ec*Phi_i;
Cm = Cm_part1+Cm_part2+Cm_part3;
Ci_part1= 3*Em*((Phi_i+Phi_c)*(Ec+2*Ei));
Ci_part2= -Ei*q*Phi_c*Em*(3-Phi_m);
Ci_part3= q*Ei^2*(2*Phi_c*Phi_m);
Ci=Ci_part1+Ci_part2+Ci_part3;
Cc_part1=Ei*(q*Ei*Phi_m*(3*Phi_c+Phi_i));
Cc_part2=Ei*(Em*Phi_i*q*(2+Phi_i+Phi_c));
Cc_part3=Ei*(9*Em*(Phi_i+Phi_c));
Cc= Cc_part1+Cc_part2+Cc_part3;

part1= Cm*Phi_m;
part2= Ci*Ei*Phi_i;
part3= Cc*Ec*Phi_c;
epsilon1 =(part1+part2+part3)/R;
epsilon2 =(part1+part2+part3)/(R*8.854*10^-12);

Published with MATLAB® R2015b
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